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(C) SUMMARY (U)

The research program discussed in this report was conducted for the U. S. Army
Aviation Materiel Laboratories. The purpose of the work was to define, by
analysis and experimental evaluation, the design criteria and performance charac-
teristics of the high-pressure-ratio single-stage centrifugal compressor. The
overall performance target was a pressure ratio of 10:1 at an adiabatic efficiency
of 80 percent at an airflow of 2 pounds per second. The research was expected to
lead to development of advanced technologies applicable to small gas turbine
engines. The potential advances identified were:

1) Doubling o2 current power to weight ratio.

2) Reducing full and part load fuel consumption.

3) Minimizing cost per horsepower.

To illustrate the advances possible, two types nf' thermodynamic cycles (simple
and regenerative) were studied. It was shown that a compressor meeting the
above targets would provide an opportunity for reducing specific fuel consumptions
to 0.49 pound per horsepower per hour (simple cycle) and 0.38 pound per horse-
power per hour (regenerative).

RESEARCH COMPONENTS

Studies of compressor designs by the contractor in the pressure ratio range of
3.5:1 to 7:1 formed the background for initial work in this program.

Principal areas of investigation were directed toward

1) Minimizing the effect of transonic flow conditions at the inducer and diffuser
entrance, including the evaluation of inducer hub-to-tip diameter ratio.

2) Establishing methods to provide operating range at high-pressure ratio.

3) Establishing flow models for the impeller and diffuser to identify losses
throughout the compressor and to determine improved techniques for future
compressor design. The results of the above effort are presented in
Reference 1.

At the completion of the effort described in Reference 1, the goal of 10:1 pressure
ratio at 80-percent adiabatic efficiency still appeared to be possible. A new
impeller and diffuser were designed and tested to evaluate the concepts reported
in Reference 1 and to provide additional information where necessary to meet the
target. The new impeller and diffuser were designated RF-2 and V1 respectively.
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The RF-2 impeller was designed to provide a total-to-total pressure ratio of
approximately 12.2:1 at an impeller-tip speed of about 2000 fps. The absolute
Math number leaving the impeller was 1. 27. The inducer hub-to-tip diameter
ratio was 0.45 with a maximum inlet relative Mach number of 0.86 at 50,000 rlpm.

The impeller tip had a diameter of approximately 9.2 inches, was similar in size
to the workhorse impeller, and was designed with 18 blades.

The investigations reported in Referenco 1 had shown that a major loss in the
centrifugal impeller resulted from the impeller-exit mixing process. Other
losses were due to the blade-shroud clearance and friction from all wetted sur-
faces. The impeller-exit mixing loss was related to the exit wake-to-jet width
ratio. This ratio was a function of the amount of relative diffusion accomplished
in the inducer passage prior to flow separation on the suction surface. As the
impeller-exit j-t width was increased, the exit mixing losses were reduced. It
was further shown that the inducer entrance design had a Large influence on the
separation point. The inducer for the RF-2 impeller was designed with a low inlet
relative Mach number. The inducer blad- leading-edge shape was designed to
minimize the overvelocity on the suction surface. An airfoil parameter K was
used to evaluate the inducer nose shape. Based on this analysis, impeller per-
formance was expected to be better than the performance of the three impellers
discussed in Reference 1. The inducer also had a more axial flow path than
previous impeller designs to reduce the blade-to-blade Coriolis forces which have
an adverse effect on the suction-surface boundary layer.

The VI diffuser was a vane-island type designed to match the impeller discharge
Mach number of 1.27. The diffuser was designed with 10 channels and a 100
asymmetrical divergence angle. The vane leading edge was set at an impeller
diameter ratio of 1.06. The design throat Mach number was approximately 0.95,
and a throat blockage of 0.92 was expected.

During the experimental program reported in Reference 1, it was found that
performance of a vane-island diffuser was dependent on channel entrance Mach
number and throat blockage. Best performance was obtained with a low entry-
shock Mach number (Mach number c- 1.05) which resulted in low throat blockage

and a high subsonic throat Mach number (Mach number = 0.95).

IMPELLER TESTS

Tests of the RF-2 impeller showed that the pressure ratio based on the total-
pressure mea-urements at the impeller tip was near 11.2:1. Data analysis
indicated that the test slip factor was 4 percent lower than expected and that the

ternperature-rise factor was 0.96, as expected. The predicted impeller pressure
ratio based on the measured slip factor showed agreement with test data within
I percent. Invest'gation of the effects of the wake-jet flow on the probe cast some
doubt on the validity of the total-pressure measurements. Comparison of the
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measured total pressure at the diffuser throat showied that the pressure from the
RF-2 impeller was about 1/2 atmosphere higher than the pressure from the work-
"horse impeller. Static-pressure rise, measured along the impeller shroud, at
an airflow of 1. 98 pounds per second agreed with the design pressure rise up to
the predicted separation point. This agreement of analysis and test data suggested
that the impeller was operating close to the design target.

The RF-2 imp.eder was tested with two modifications. First, the inducer leading
edge was modified from a radial to a swept-back configuration. This modification
gave further evidence that the inducer was not separated near the leading edge due
to high Mach number effects. A reduction ii impeller-tip width to decrease exit
mixing loss was investigated. An efficiency gain of 3 percent demonstrated the
large influence of jet-wake-width ratio at the impeller exit on overall performance.

DIFFUSER TEL I'S

The V1 diffuser was tested with the RF-2 impeller. Data analysis showed that
the diffuser-channel static-pressure recovery was less than expected and that the
threat blockage was greater than expected. Airflow range up to 16 percent was
demonstrated.

Further investigation showed that the aspect ratio of the diffuser throat had an
effect on the channel blockage and static-pressure recovery. Trends of perform-
ance changes with aspect ratio were developed a:d confirmed by test.

It was shown that boundary-layer bleed at the diffuser throat was an effective way
to increase static-pressure recovery and overall compressor performance. The
effect of the boundary-layer bleed was related to the lambda shock on the pressure
surface near the vane leading edge. Diffuser-channel separation, caused by the
lambda shock, was delayed by the bleed.

OVERALL COMPRESSOR PERFORMANCE

The maximum compressor pressure ratio (total to static) measured was 10. 6:1.
Airflow range up to 16 percent was demonstrated at compressor pressure ratios
between 9.0 andlO.0:1. Compressor adiabatic efficiency of 72.5 percent was
nearly constant at all compressor speeds.

No fundamental aerodynamic reasons were found during this program which
iwould prevent attainment of the program goals (P/P = 10. 0: @1 C = 80 percent)
for a single-stage centrifugal compressor. Further understanding is necessary
to reduce the diffuser-throat boundary-layer blockage, the recirculation occurring
at the impeller tip, and the large impeller-exit mixing losses resulting from
early separation of the flow from the inducer blading. A description of the
recommended research and development effort is present,,d in Section 9 0.
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Appendix I

A discussion of the procedures and results of the stress and vibration analyses is
presented for the RF-2 impeller components. The temperature distribution,
Campbell diagram, natural-frequency calculations, and stress calculations are
included.

Appendix II

Appendix I" covers the design modifications to the diffuser test rig required to
accommodate the 2-piece impeller configuration. It provides information relative
to the methods used and t : nechanical areas investigated. This appendix is
intended to supplement the discussions given in Section 2.4 in the body of this
report.

Appendix MI

Appendix MI contains the static-pressure measurements on the side walls of the
diffuser in the vaneless space, the semivaneless space and the channels for the
10-vane-island diffuser configurations that were tested.
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1.0 (U) INTRODUCTION

The studies of design techniques and the evaluation of test results presented in
Reference 1 provided a basis for advancing the technology of high-pressure-ratio
centrifugal compressors. From this work, in which impellers and diffusers were
studied separately, a new complete compressor was designed for evaluation as a
combined system. The design target remailed at 10:1 pressure ratio and 80-per-
cent adiabatic efficiency, as projected at the initiation of the program. This new

__ "impeller-diffuser combination was designed in August 1966, and all testing was
completed in February 1967. The plan was to demonstrate the principles

developed in the basic impeller and diffuser studies and to identify advantageous
follow-on work for future research.

1.1 OBJECTIVES

The objectives of this portion of the Army compressor research program were
to apply the theories of flow mechanics documented in Section 7. 0 of Reference 1,
and to confirm the revised design approach by test and evaluation of a complete
compressor unit. The new configuration consisted of a 2-piece impeller and a
10-channel diffuser. The compressor test rig formerly used to test the vane-
island and cascade diffuser elements was modified to adapt the new components.
Design airflow was2.0 pounds per second at a rotor speed of 50, 000 rpm.

"1.2 PREVIOUS RESULTS

Development of high-pressure-ratio (10:1) centrifugal compressor technology
for small-gas-turbine applications was started by the contractor for the U. S.
Army in May 1964. This effort was an extension of earlier company-sponsored
research in the pressure-ratio range of 6: 1 to 7:1 and led to the development of
mathematical impeller and diffuser flow models. These mathematical flow models
were continually revised as new data became available from these component
tests. In addition, new loss analyseswere devised through an iterative process
of systematically updating the flow models. Results of the studies showed that

1) The major loss in the impeller was a result of exit mixing of the jet and wake,
caused by large separation in the early portion of the inducer.

2) Other impeller-flow-path losses (clearance and friction) are small by com-
parison and account for less than 4 percent of the total pressure loss.

3) The major portion of diffuser pressure recovery occurs in the diverging
channel.

4) The largest total pressure loss occurs in the vaneless and semivaneless
spaces with little diffusion.

It
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Of the configurations tested, the best impeller was a radial-flow type used to test
diffuser elements; the best diffuser was an 8-vane-island type. The results
obtained from the bas.c studies are shown in Figures 1 and 2. From these
results, it was established that there was no technical barrier preventing the
achievement of single-stage pressure ratios in excess of 10:1. However, it was
shown that high adiabatic efficiency (80 percent) depended principally on:

id 1) Minimizing impeller-exit mixing losses.

2) Shock strength and location ahead of and in the diffuser throat.

3) Matching of the impeller and the diffuser to produce optimum performance.

Test 3306A Corrected to AmbientsIGV = + 17 Conditions of:
60VF

29. 92 In. Hg

L 12.0 1
-1 = 81. 0,

j) D j 81. 5

- 10.0 Adiabatic Effic ency 80.2
(percent)

11-!•J82.7 '
P0
0: 0 82.7-r
E-IiH 8.0 - -83.6 -81. 3 ==

878 84.2---- 8 5 .4- 4 84 .3 68.-3-

w0 6.0- ... .. - -, -- 4

S4.0' 89.2[ _ 0 0

6 0 1 1 0 0 ,

S- - .-
S 0.6 1.0 2.0

S• Airflow, Wa\/•8 (Ib/sec)

__ Figure 1. Pressure Ratio Versus Airflow, Workhorse Impeller.
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11.0__ _ _ _ _ _ _ _ _ _ - - - -

IGV = 0* Correctod to Ambient
100% Throat Area Conditions of:
0 1.0 6 RadiusRatio 60 0F.

S10. 0 0 1.10 Radius Ratio 29. 92 in. Hg 74 74.6

Adiabatic Efficiency (percent)-- 75.1.=775.
I ! , !74.9.

8.0 .
17- -

( 7.0
.4-,

0 NAM -

S 6.0-

0

o78.6 78.4
cd 5.0 -

177.6 74.8

77.,2
- 4.0 -- 73.7-

3.0~

2.0- , , * I

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Airflow, WV78• (ib/sec)

a

"Figure 2. Pressure Ratio Versus Airflow, DI-1 Diffuser
(Comparison at 1. 06 and 1. 10 Radius Ratio).i3



1.3 RESEARCH APPROACH

"From the previous results, areas requiring significant technical advances were
identified for both impeller and diffuser designs. Investigations of high-pressure-
ratio centrifugal compressors included-

1) Minimizingthe effects of transonic flow conditions at the inducer and the
diffuser entrance.

2) Determining the influence of inducer hub-to-tip diameter and its effects on
inducer and impeller performance.

3) Establishing methods to provide adequate operating range at high-pressure
ratios.

The earlier impelle-, and diffuser elements were designed to provide the technology
required to reach a 10:1 pressure ratio at 80-percent efficiency. These first
elements were tested and evaluated concurrently to define the physical dimensions
and flow dynamics of components. From this performance evaluation, a new,
complete compressor was designed to reach the specified performance levels.
The new design included consideration of the effects of early flow separation in
the inducer on exit mixing losses in the impeller. In addition, studies were
directed toward defining a diffuser configuration that would achieve the best
balance between pressure recovery and the flow range.

The plan was as follows:

1) Use a 2-piece inducer-impeller in which all of the tangential turning would
be accomplished in the inducer before turning to the radial direction in the
impeller. The configuration, based on airfoil theories presented in Sec-
tion 7. 0 of Reference 1, was expected to delay early separation and aiinimize
Coriolis effects.

2) Use a short throat (1/8 inch) in the diffuser to avoid reacceleration of the
flow to Mach 1. 0 at the entrance to the diverging section. From the previous
tests, it was expected that both range and pressure recovery could be
optimized with 8 to 16 channels at a radius ratio of about 1. 06.

3) Match the impeller-diffuser combination by establishing the performance of
each component through test evaluations. Modify the components as neces-
sary to improve the overall match.

4) Identify areas of further detailed research for possible continuation or
extension of this work by other investigators.

.4
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2.0 (C) DESIGN ANALYSIS (U)

Early in this pro'ram, diffusers and impellers were investigated to determine new
technologies necessary for attaining high-pressure ratio (10:1) in the single-stage
centrifugal compressor. Tests which followed these initial studies led to new
understanding of compressor fluid-flow characteristics, and the new information
was combined with available knowledge to design the new impeller and diffuser dis-
cussed in this spction. Based on these investigations, the goal of the new com-
pressor was kept as originally set, 10:1 pressure ratio at an adiabatic efficiency
of 80 percent.

2.1 SUMMARY OF TECHNOLOGIES

Detailed results of the impeller and diffuser investigations conducted earlier in the
program are presented in Section 7.0 of Reference 1. A summary of the technol-
ogies resulting from this work is presented herein.

2.1.1 Impeller

For the inducer design, it was determined that inlet relative Mach number should
be less than previously used for the MF-1, RF-1, and workhorse impellers to
avoid high overvelocities at the suction surface of the leading edge. To achieve
this objective, it is desirable to maintain low blockage at a minimum inducer hub-
to-tip diameter ratio, which can be determined from mechanical design considera-
tions. In addition, proper balance must be established among design incidence,
inducer loading, and impeller work requirement. Tests showed the importance of
not forcing the inducer to operate ata high incidence whon the inlet relative Mach

. number is in the high subsonic range (0.7-0.9). Low incidence (+1 degree) will
"keep the compres.sibility effects and the strength of the resultant shock at a
minimum.

The dependence of slip factor on the number of blades was shown; i.e., for a given
impeller diameter and rotational speed, an increase in the number of blades re-
sults in an increase in slip factor. A modified form of Eckert's equation was
developed for high-pressure-ratio impellers,

- where:

Predicted Slip Factor = (Slip Factor)Eckert + (0.02 to 0. 03) (1)

The increase over Eckert's slip factor is empirical and is based on the results of
the three impellers (MF-1, RF-1, and workhorse), which showed values that were
from 0.02 to 0.03 higher than originaliy predicted.

5
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The impeller investigaions showed that performance was dependent on the point of
separation in the blade passage. It was determined that delayed separation would
reduce the impeller-exit-wake width and thus reduce the impeller-exit mixing loss,
which is a large part of the total loss. In addition, consideration was given to the
effects of the Coriolis forces on the impeller performance. In the high-pressure-
ratio impeller, where separation can take place in the inducer, presence of the
Coriolis force can result in low-energy fluid being deposited on the suction surface
from the p:essure surface. The component of this Coriolis force in the blade-to-
blade direction is proportional to the product of the rotational speed and the radial
component of the through-flow velocity. The direction of this force is from Lhe
pressure surface to the suction surface, reducing the amount of flow deceleration
which can take place prior to separation. Because of difficulties arising from this
force and the necessity to minimize its influence, the inducer should be designed
to complete the tangential turning prior to turning to the radial direction (essen-
tially an axial inducer). The design technique was modified and it was indicated
that the inducer leading-edge region should be designed using the methods of
Schlichting, in conjunction with Pearcey's x parameter, to determine the config-
uration which produces the minimum overvelocity while showing the least tendency
to be adversely affected by shcck-induced separation (Section 7.2 of Reference 1).

Performance of the impeller can be estimated by determining losses from friction,
clearance, and exit mixing (Section 7.1.1 of Reference 1). As part of the loss
analysis, it is necessary to establish the point -if separation in the blade passage.
Limits for deceleration of the relative flow along the suction surface can be deter-
mined using botmdary-layer calculations, and the solution of turbulent boundary-
layer flows is accomplished through the use of approximate methods presented in
Section 7.1.9 of Reference 1.

2, . 2 Diffuser

"The diffuser invstigation showed that the major static-pressure rise through the
diffuser occurred in the diverging channel and that the channel-static-pressure
recovery was dependent on throat-entrance blockage and Mach number. Tests
showed that shock strength in the channel-throat straight section, and therefore
boundary-layer blockage, was dependent on the throat length and geometrical throat
area. The entrance subsonic Mach number accelerated through the throat straight
section in accordance with Fanno line calculations. If the throat was long enough
with respect to the entrance subsonic Mach number, the flow at the throat exit was
sonic. It was found that flow at this condition could undergo supersonic accelera-
tion into the diffuser channel and be accompanied by a shock. At upstream shock
Mach numbers above 1.1 to 1. 2, the channel performance deteriorated rapidly.

Single-channel-diffuser tests were conducted to determine the effects of throat-
entr,•nce Mach number on channel-static-pressure recovery. It was found that no
critical subsonic Mach number existed for 2-dimensional channel diffusers,

6
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contrary to indications in the literature. Channel performance was nearly con-
stant up to throat Mach numbers of 1.0. At critical pressure ratios. llow values
equivalent to throat Mach numbers of 1.0, a shock occurred in the cha 'n i.
Static-pressure recovery again deteriorated rapidly.bove upstream Ma-.h num-
bers of 1.1 to 1.2. Detailed discussions of the single-channel diffuser tests and a
literature search relative to critical throat Mach number of diffusers are pre-
sented in Appendixes XI and XII of Reference 1.

The single-channel diffuser tests, combined with the compressor rig tests,
showed that best channel performance was obtained with a divergence angle of
10 degrees for a low-aspect-ratio diffuser (AR = 0.25). In addition to the neces-
sary low aspect ratio, diffusers designed in this program required minimum
throat blockage for best performance. Therefore, the diffuser should be designed
with a low channel-entrance Mach number to avoid large growth in the boundary
layer across the entry shock; otherwise, predictions of throat blockage will not be
correct. The vaneless-space diameter ratio was determined from considerations
of impeller-exit flow conditions. It was found that the vanes should be placed
close to the impeller tip, but outside of the impeller-exit-wake mixing zone
(R/R -' 1.05). A discussion of vane radius ratio is presented in Section 7.2 of
Reference 1.

2.2 IMPELLER DESIGN

The new impeller, designated as RF-2, was designed with the lowest inlet relative
Mach number of any of the configurations investigated in the prograin. The Mach
number selected for the inducer tip was 0.86, when based on a blockage factor of
1. 0. This lower Mach number was chosen to avoid supersonic overvelocities at
the inducer leading edge and to minimize the likelihood of early separation. The
inducer was sized for a hub-to-tip-diameter ratio of 0.447 with 91 inlet absolute
Mach number (axial) of 0.46 (based on unblocked flow). Velocity diagrams for
these conditions are given in Figures 3 and 4, and represent design conditions at
the tip, RMS, and hub. The relations between airflow continuity and the vector
diagram (as discussed in Section 2.2.1 of Reference 1) were used to determine
inducer-tip diameter (3.60 inches). The rotor speed was established as 50,000
rpm to permit use of the existing workhorse-impeller test rig. Detailed discus-
sion of this rig was presented in Section 2.4 of Reference 1. A comparison of
blade-turning schedule for the new impeller and RF-1 is shown in Figure 5. Note
that the turning rate, and therefore blade loading, is considerably less near the
leading edge for the new design.

The methods given in Appendix I of Reference 1 were used to establish inducer
radial equilibrium and impeller-blade-surface velocities. Fuctors considered in
minimizing the peak overvelocity on the suction surface of the inducer blade near
the leading edge also were given in Reference 1 (Section 7.0). Velocity distrabu-
tions for the blade surface and mid-3hannel flows are presented in Figures 6,

7
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l 
2 0.860*1

2 940
SM+ 0.46 a• 2a 2
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U=354 4

Figure 3. Design Inlet Vector Diagrams Based on Unblocked
Flow Area, RF-2.
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Figure 4. Design Inlet Vector Diagrams Based on'Blocked
Flow Area, RF-2.

9

CONFIDENTIAL



CONFIDENTIAL

RF-2 Impeller

RF-1 Impeller

• ~70

60 -

TM 50 -

10

bD
S30

E-4

20

10--

IS

0----
0 2.0 4.0

I

Meridional Distance (in.)

Figure 5. Comparison of the Blade Turning Schedules at the
RMS Radius for the RF-1 and RF-2 Impellers.
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Figure 6. Blade Surface Velocities for Hub Streamtube of
RF-2 Impeller (Design Speed).
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7, and 8 for the mean radii of the hub, RMS, and tip streamtubes, respectively
(3 of the 5 streamtubes calculated). No radial-equilibrium analysis was made for
the radial portion of the impeller because velocity distributions indicated that the
flow will separate from the suction surface near the exit of the inducer; analyses
of these separated flows were impractical and beyond the scope of presently
available analytical tools.

Blade blockage predictions for the impeller design are shown in Figure 9. The
blade width* at the tip of the new impeller was 0.180 inch, compared to 0.250 inch
for the workhorse impeller. The smaller blade width was necessitated because
the design airflow was reduced from 2.43 pounds per second for the workhorse
impeller to 2.0 pounds per second for the new design, and the design speed (and
therefore impeller-tip diameter) was the same as that for the workhorse. The
blade-tip width was reduced to obtain low impeller-exit mixing loss (a function of
wake-to-jet width). It was expected that the 0.180-inch width would result in a
smaller wake-to-jet-width ratio (t) than the workhorse impeller. Nata used to
predict the change in mixing loss are presented in Section 7.0 of Reference 1.

As in previous analyses, the normal static-pressure gradients through the blade-
passage area of the inducer were determined from the radial-equilibrium pro-
gram. These gradients were used to estimate static-pressure rise along the
shroud of the inducer, as shown in Figure 10. In the earlier tests, similar pre-
dictions were used to evaluate impeller performance; static pressure along the
shroud was used to indicate separation points in the inducer. It was determined
that these measurements were critical to assessing overall impeller performance.
Rotor loading (diffusion factor) for the inducer, using the velocities based on
unseparated flow, is shown in Table I.

TABLE I

INDUCER DIFFUSION FACTORS

Streamtube Diffusion Factor

Hub 0.191

RMS 0.341

Tip 0.590

Overall impeller efficiency and pressure ratio were predicted as 84.6 percent and
12.1:1, based on estimates of friction, clearance, and exit mixing losses. A dis-
cussion of loss calculations is presented in Section 7.1 of Reference 1. The one-
dimensional, impeller-exit vector diagram is presented in Figure 11.

*Referred to as blade "height" in Reference 1.
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Figure 7. Blade Surface Velocities for RMS Streamtube
of RF-2 Impeller (Design Speed).
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Figure 8. Blade Surface Velocities for Tip Streamtube
of RF-2 Impeller (Design Speed).
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Figure 9. Comparison of Inducer-Blade Blockage for RF-1 and RF-2.
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Figure 11. Design Exit Velocity Diagrams for RF-Z Impeller.
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In addition to the lightly loaded leading-edge region, several other concepts were
incorporated in the RF-2 design which were different from those used in the pre-
vious impellers described in Reference 1. The first is that all of the tangential
turning in RF-2 is accomplished prior to turning the flow to the radial direction,
instead of combining the 2 turns as with RF-1, MF-1, and the workhorse. This
change brought the Inducer closer to an axial-rotor design in concept and elim-
inated the blade-to-blade component of the Coriolis force. Elimination of the
radial-velocity components in the inducer section, where the blade loading is
highest due to the tangential turning, can be expected to delay separation and
result in a performance improvement (as shown by the loss analysis presented in
Section 7.2 of Reference 1).

The second change in design concept was applied to the inducer-entrance region,
where the pressure surface, rather than the camber line, was aligned with the
incoming-flow direction. The zero incidence with respect to the pressure surface
was based on the blocked-flow area. Resulting velocity diagrams are shown in
Figure 4. In addition, the pressure surface was designed as a radial-driving face
for the full-blade height (see Figure 12).

"-Radial Centerlines

Pressure Surface

(Not to Scale)

New Design - Radial Previous Design -
Pressure Surface Symmetrical Blade Shape

Figure 12. Inducer Blade Sections.
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A third change for RF-2 was to design constant-thickness profiles rather than the
double-circular-arc profiles used in the previo. 3 designe (blade sections projected
In cylindrical surfaces with the centerline for their axis). Removal of material
from the suction surfaces only, which results in a sharp turning of the camber
line in the leading-edge region, was expected to align the local mean camber line
with the unblc ked approach vector at Point A, as shown in Figure 13.

The flow at Point B (Figure 13) was expected to be parallel to the blades, having
turned through the incidence angle, i. This flow-angle change was believed to be
nicessary to compensate for the blade blockage. By constructing the pressure
surface radially and aligning it with the blocked vector, the change in the mean-
c. tubur-line angle can be accommodated; removal of material from the suction
surface at the leading edge was expected to provide the necessary guidance for the
incoming air to reduce the previously noted overvelocities.

In Section 7.1 of Reference 1, a detailed discussion was presented showing the
analysis of aircraft wings by Pearcey (Reference 2) as applied to the inducer-
leading-edge-flow solution. Further study of the analogy during the design of the
new impeller led to revision of the K factor for application to inducer blades. A
comparison of K factors for the new design and the workhorse and RF-1 impellers
is shown in Table II.

TABLE 11

INDUCER-ENTRANCE BLADE SHAPE ( KFACTOR)

RMS Radius Tip Radius
Impeller K K

New Design (RF-2) 0.056 0.097

Workhorse 0.044 0.095

RF-1 0.500* 0.424

*Approximate

A detailed discussion of the K-factor analysis is presented in Section 7.0 of
Reference 1 and will not be repeated here. However, it should be noted that a low
K value results in the best blade shape for delayed separation. rhe comparisoi.
in Table II also shows that the new indacer was designed with a K factor close to
the workhorse 'mpeller, which had shown the best performance in previous tests.
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Material Removed

from Leading Edge

(Not to Scale)

New Design Previous Design

Material /
Removed/

m/

Blocked Flow
B •Direction

B.B

S-Mean Camber
A LineB/

I u

Unblocked FVow /

Direction V1  /

Figure 13. Inlot Blade Shape.

The analysis given in Reference 1 also illustrated the validity of the approach for
selecting nose shapes. Because small changes in the nose design can affect the
K value, analysis of the test results of the new impeller will be aimed at estab-
lishing whether a further reduction in oc factor is desirable in futuire research to
achieve best impeller performance.
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2.3 DIFFUSER DESIGN

During the experimental program presented in Reference 1, it was found that the
performance of a vane-island diffuser was dependent on channel-entrance Mach
number and throat blockage. It was also shown through experiment that best
performance was obtained with a low entry-shock Mach number (M =- 1.05 ahead
of the vane leading edge) which resulted in low throat blockage and a high sub-
sonic throat Mach number (M = 0.95). Best performance was also obtained when
the straight section of the diffuser throat was short enough to prevent acceleration
of the flow to Mach 1.0 at the throat exit, a condition which was shown to produce
supersonic flow in the diverging channel. Diffuser DI-1-2 (Section 7.3 of Ref-
erence 1) demonstrated the best performance trend and was used as a model for
design of the new configuration, which had a throat length of 1/8 inch.

The number of vanes chosen for the new design was based on mechanical design
considerations. As discussed in Section 2.4, the predicted Campbell diagram for
the impeller indicated that 10 vanes would avoid exciting the rotf-' at an order and
frequency corresponding to design speed. It was shown from the previous tests
(using 8, 12, and 16 vanes) that within the range studied, the number of vanes had
no influence on performance (see Section 7.0 of Reference 1).

The divergence angle was selected as 10 degrees, typical of the best diffusers run
in the earlier test series. The single-channel data presented in Appendix XII of
Reference 1 also showed that peak performance was obtained at 10-degree-
divergence angles for aspect ratios near the new design.

The throat area was determined from airflow continuity as shown in Section 2.3 of
Reference 1. The design throat Mach number (0.95) was about the same as that
for DI-1-2. It was expected that the entry shock just ahead of the throat would
correspond to a Mach number of 1.05. A low blockage of 0.92 also was expected,
as shown by the analysis presented in Section 7.3 of Reference 1. However, it
was recognized that further investigation of the influence of aspect ratio on block-
age was necessary to establish performance potential of possible throat geom-
etries. From the studies presented in Reference 1, it was shown that boundary
layer on the blade-suction surface was bled by secondary flow. Therefore, the
throat blockage resulted primarily from the side-wall boundary layer. For a
given throat area, reducing the aspect ratio exposes an incvoased percentage of
the perimeter to side-wall effects. If the boundary-layer thickness is a function
of the flow-path length (assuming that growth through the 1.05 entry shock is
small), the blockage will increase with a reduced aspect ratio at a given entry-
shock Mach number. The aspect ratio of the new diffuser (0.41) was the lowest
designed thus far in the program. This reduced aspect ratio was necessary to
match the new impeller-blade-tip width (b = 0. 180 inch), as shown in Section 2.2.
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Therefore, the possibility existed that throat blockage miglht be higher than the
predicted value, which would result in lower than design performance. It was
planned to test several diffuser modifications, if necessary, to evaluate these
effects. However, based on the design throat blockage, channel-static-pressure
recovery was expected to be 0.62 with an overall diffuser-total-pressure recovery
of 0.82.

The geometry of the new design is shown in Figure 14. Design parameters
selected are listed in Table 1WI. The figure shows that the channel was designed
with all of the 10-degree divergence on the pressure surface, as were the best
diffusers tested earlier in the program. It was planned that modifications to this
geometry be made (depending on test results) to investigate further the effects of
channel symmetry on performance.

R - . 3 1n / in.

0.125 0.

/

Figure 14. Diffuser-Vane Geometry.
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TABLE III

DESIGN PARAMETERS FOR V1 DIFFUSER

Number of Vanes 10 Throat Length 0.125 in.

Throat Mach Number 0.95 Channel Divergence Angle 10 deg

Blockage Factor 0.92 Area Ratio 3.3

Throat Height 0.444 in. Vane Angle 82.2 deg

Passage Depth 0.180 in. Wedge Angle 7.0 deg

2.4 MECHANICAL DESIGN

This section discusses the mechanical design and requirements of the impeller,
diffuser, and test section used in aerodynamic testing. These components were
designed for use with the diffuser test rig described in Reference 1. The impeller
was a 2-piece, radial-flow design and was adapted to the existing workhorse-
impeller shaft. A 10-channel, vane-island diffuser was selected for the new test
section.

2.4.1 Impeller

Figure 15 shows the final design information relative to the impeller size and
blade configuration. The mechanical design requirements for the impellers
described in Section 2.4 of Reference 1 were applied to this impeller, with the
exception of a closer, 0. 015-inch, blade-to-shroud clearance goal. In addition,
the impeller was a 2-piece desigh, with the tangential turning completed in the
inducer section and with radial turning done in the impeller (radial) section. A
radial-driving face was designed for blades in the inducer section, whereas blades
in the remainder of the impeller were symmetrical, consistent with maintaining
a desirable distribution of centrifugal loads in regions of highest blade stresses.
The inducer section was mated with the radial section, as shown in Figure 16;
2 pins were used to maintain blade alignment and transmit driving torque from the
inducer section to the radial section.

The 2-piece design allowed use of available titanium forgings. In addition, the
separate inducer with all of the turning in 1 section reduced machining time by
comparison with the previous designs described in Reference 1. The transition
(or blending) of the blades from the inducer to the symmetrical-blade radial sec-
tion was accomplished by hand working (see Section 3.0).

Two bore-pilot surfaces were used, I at the aft hub (in the radial section) and 1 at
the joint between the 2 sections (Figure 101 to match the existing shaft pilots.
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Z=0

z
-•: Z= 2.0ooo

___ •Design Speed: 50, 000 rpm

Number of Blades: 18
Tip Diameter: 9. 12 in.

Overall Length: 5.48 in.

InducerR
Section Section

Distance Turning

Z Angle "
(in.) (degrees)

0 0

0.120 4.78
tT 0.300 11.60

S0.500 18.59
rT 0.700 24.87

0.900 30.32
1.100 34.88
1.300 38.53
1.500 41.27
1.700 43.10

t 1.900 44.03
S2.000 44.15

tH 2.430 44.80

H 2.860 44.80
rH 3.290 44.80

3.720 44.80
Inducer Section Radial Section 3.720 _44.80

(Radial Driving Face Blade) (Symmetrical Blade)

Figure 15. Aerodynamic Design Information.
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Design Speed: 50, 000 rpm
Number of Blades: 18
Tip Diameter: 9. 12 in.
Overall Length: 5.48 in.

Blade Geometry

Distance Turning Radius Radius Thickness ThicknessSrH rT t tT
Z Angle aT H T

(in.) (degrees) (in.) (in.) (in.) (in.)

0 0 0.813 1.800 0.063 0.045
0.120 4.78 0.819 1.800 0.063 0.044
0.300 11.60 0.829 1.800 0.062 0.043
0.500 18.59 0.839 1.800 0.061 0.041
0.700 24.87 0.850 1.800 0.060 0.039
0.900 30.32 0.880 1.800 0.059 0.037
1.100 34.88 0.871 1.800 0.058 0.035
1.300 38.53 0.881 1.800 0.057 0.033
1.500 41.27 0.892 1.800 0.056 0.032
1.700 43.10 0.902 1.800 0.055 0.031
1.900 44.03 0.913 1.800 0.055 0.030
2.000 44.15 0.918 1.800 0.055 0.030
2.430 44.80 0.958 1.839 0.055 0.030
2.860 44.80 1.108 2.051 0.055 0.030
3.290 44.80 1.431 2.711 0.055 0.030
3.720 44.80 2.313 4.316 0.055 0.030
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-- -Radial Section

Alignment Pin
Inducer Sectin7

•-Bore Pilots

Figure 16. Two-Piece Impeller.
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Material Selection

Because this impeller was designed to operate at the same tip speed and tempera-
ture conditions as the previous configurations, the same requirements applied.
Based on the successful use of titanium for high-speed impellers earlier in the
program, 6Al-4V was again selected. Other materials were considered for the
inducer, but the titanium alloy was found to provide the best balance of properties.

Impeller Stress

The same general stress analysis procedure given in Section 2.4 of Reference 1
was applied to this impeller, including blade and disk stresses and blade vibratory
stresses. However, disk stresses were calculated using a new contractor devel-
oped program that determined the stress distribution and deflection of the disk re-
sulting from centrifugal and thermal loading (Figures 17 and 18). The advantages

30
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Figure 17. Predicted Impeller Disk Stress Distribution Before Proof-Spin.
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Deflection Scale:
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Impeller Shape at 0 rpm I I
Impeller Shape at 50, 000 rpm
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Figure 18. Predicted Impeller Deflection Before Proof-Spin.
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over previous methods, which determined average tangential stress, were that
the hub extension lengths and impeller growth could be more accurately defined.
Further, local high-stress areas were determined, as shown in Figure 17. Anew
definition of disk safety factors was required for this method because actual
point-values of stress were used, rather than an average stress value. However,
residual compressive stresses introduced during the proof spin of the impeller
redistributed and lowered the stresses from the calculated values. Therefore,
the disk safety factor, when calculated using the previous method presented in
Section 2.4 of Reference 1, was found to be 1.75, well above the 1.25 required
minimum. The blade-root safety factor was 1.21, slightly below the 1.25
recommended minimum, but was considered adequate for experimental test ha,4l-
ware. All safety factors were based on 0.2-percent minimum yield.

The complete stress analysis and results, including blade-root stress distribution

and blade-vibration-frequency spectrum, are presented in Appendix I.

2.4.2 Test Section

In addition to the impeller, the test section consisted of the inlet, impeller shroud,
diffuser, and collector (Figure 19). Primary test section design considerations
were to minimize mechanical and thermal distortions and to simplify installation
of instrumentation equipment for quicker changes during testing.

Component Desigli

The front cover plate, which formed the impeller shroud and front diffuser wall,
was made up of 2 parts - an alurainum liner and a mild steel frontplate with 10
stiffening webs. The backplate was also mild steel (with 10 webs), and formed
the rear diffuser wall and the structural base for the test section by attaching to
the rotor housing. A minimum diffuser-wall thickness of 0.35 inch was specified
for the frontplate and backplate to accommodate the instrumentation required for
testing. An aluminum inlet was attached to the front cover with the inner-hub
fairing supported by three airfoil-shaped struts (Figure 20). The collector used
on the diffuser rig described in Reference 1 was used with this design (see
Section 3.0).

Aluminum was used where the temperature would not exceed 4507F to facilitate
fabrication and reduce weight. In addition, the aluminum liner provided an
abradable surface in the inducer area to permit close clearances without risking
blade damage. Mild steel was selected for the frontplate and backplate because
it offered the best balance of thermal characteristics, machineability, and
availability. The maximum compressive load due to thermal expansion between
the liner and frontplate was calculated to be 700 psi, far below the allowable
25,500 psi for aluminum. Appendix II contains the test section design analysis.
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Frontplate

Liner Collector

Rub Sensor Bockr ate

Rotor Housing

Impeller

B Diffuser Vane

Figure 19. Section View of Test Section.
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Figure 20. Front Cover and Inlet.
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Diffuser vane-island design was similar to that of Reference 1, except there were
no provisions for changing the diameter-ratio or throat-area settings. As in the
previous tests, the vanes were located on the backplate with 2 pins and were
clamped between the diffuser walls; however, because vane position would not be
changed between tests, additional bolts could be located on this rig (Figure 21) to
provide ma'imum restraint against thermal distortion of components, maintaining
a tight seal between the vane sides and diffuser walls and permitting the 0.015-
inch impeller-shroud goal to be met. Selection of 10 vanes for the diffuser was
based on thr Campbell diagram (Figure 22), which shows that impeller-blade
natural-frequency excitations (circled points) would be at 60,000 rpm and below
40,000 rpm; 8 or 12 vanes would produce excitations just below or aL the design
speed.

The impeller-shroud clearcrnce goal of 0.015 inch was planned using an eddy-
current probe that continuously displayed the actual clearance within 10 percent.
Details of this probe are discussed in Appendix VII of Reference 1.

Provisions for schlieren windows in the frontplate and backplatE were considered,
although they were not used. The windows were designed to be held in a scparate
frame by spring clips to minimize window distortion, and the frame was designed
to attach to the plate with adjustable mounts, permitting alignment of the window
inner surface with the diffuser wall (Figure 23). Hand working of the cutout in the
plate to actual window dimensions was planned to minimize disconti-,tties in the
diffuser wall. A metal (Inconel X) diaphragm seal was designed for installation
between the plate and frame, with asbestos gasket material between the Vycor*
windows and the frame.

Provisions for Instrumentation

Special installation mour..s for total-temperature and total-pressure probes were
designed to permit removal or replacement without disassembly of the rig. To
achieve proper probe alignment, adapters were individually mated and keyed with
instrumentation bosses (Figure 24), which were welded in place during the fabri-
cation stage. In addition, blank plugs were made to replace the adapters for
testing without probes. These probes and other instrumentation used are dis-
cussed in Section 4.0.

Rotor System

As previously mentioned, the new test section used the rotor system of the
diffuser rig, including the same shaft, bearings, and housing, and was driven by
the same turbodrive unit. No modifications were necessary to accommodate the

*Trademark, Corning Glass Works, Corning, New York.
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new test section, but an analysis of th6 rotor with the new impeller was made to

predict the dynamic characteristics (Appendix ]1). The same computer-input data
as those for the previous rotor systeml were used, with changes corresponding to
differences between the impellers. The third critical speed was calculated to be

approximately 100 rpm higher than the previous rotor and was considered an
insignificant change.
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Figure 22. Campbell Diagram Used for Diffuser Selection.
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Figure 23. Schlieren Window Installation.
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Figure 24. Typical Probe Installation.
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3.0 (U) FABRICATION OF RESEARCH COMPONENTS

Fabrication of the components necessary for conducting compressor tests
included the machining, inspection, and assembly operations. Because the
impeller fabrication process was independent of the other test section components,
it is discussed separately and includes the proof-spin and balancing, pz •cedures.
In addition to the initial fabrication efforts, component modifications made during
the test program are discussed.

3.1 IMIPELLER

Components for 2 impefller assemblies, each consisting of an inducer section and
a radial section, were fabricated from 6 A1-4V titanium forgings by an outside
vendor; on-site inspection was made by the contractor's quality control personnel.

Additional work required to complete the impeller - including "roof-spin,
matIng (component fitting and blade surface blending), finish buing, splining, and
balancing -- was performed at the contractor's facilities. One impeller was com-
pleted, and a second set of components was retained as a spare.

3.1.1 Impeller-Component Fabrication

The impeller components were fabricated in the same manner as reported in
Section 3.0 of Reference 1, except that previous impellers were machined in one
piece. Figure 25 shows the parts during the cavity-milling step, and Figure 26
shows the hand-working of the inducer leading edge. The completed inducer and
radial sections are shown in Figures 27 and 28 respectively. Machining tolerances
were as specified in Reference 1.

Blending of the blades between the 2 components after assembly was planned to
ensure proper alignment and surface continuity, as described in Section 3.1.4.
For this reason, excess blade thickness for later hand-working was provided at
the entrance to the radial section, where the transition between the radial-driving
face blades and the symmetrical blades was made.

3.1.2 inspection

The inspection procedure for this impeller was the same as that described in
Reference 1. Figure 20 shows the radial section mounted on the optical
comparator, ready for inspection.

3.1.3 Proof-Spinning

The radial section was proof spun to 66,000 rpm in the same manner as the
impellers of Reference 1; however, proof-spinning of the inducer section was
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a. Inducer Section

b. Radial Section

Figure 25. Impeller Component Machining.
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Figuire 26. Hand- Working of Inducer Leading Edge.

Figure 27. Completed Inducer Section,
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Figure 28. Completed Radial Section.

Figure 29. Radial Section on Optical Comparator for In~spection.
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not necessary because ol the known low stress level that would be encountered

during operation.

3.1.4 Assemibiy and Blade-Blending

Figure 30 shows the method of impeller assembly. The alignment shoulder on the
radial section and the mating counterbore in the inducer section were machined
for a light interference fit, with concentricities held within 0. 0005 inch. The two
3/16-inch-diameter pins, which fixed the blade alignment and transmitted torque
between the 2 sections, were medium force-fitted into the inducer section and
light press-fitted into the radial section. Holes for the pins were machined on
a precision jig-bore machine, and were closely coordinated to provide the align-
ment necessary for proper assembly. Disassembly required a special tool
designed to force the components apart. Figure 31 shows the impeller being
assembled.

Figure 32 shows the area ip which the blade-bending was accomplished and the
excess material on the radial-section blade. The maximum blade mismatch
allowed on tha finished part was 0.001 inch; work was performed with a small
high-speed grinder, similar to the one shown in Figure 26. The finished joint
is shown in Figure 33.

3.1.5 Boring, Splining, and Balancing

These operations were performed to the same specifications as those described
in Reference 1. The final bores were precision ground in 1 operation with the
impeller assembled to ensure concentricity between the adjacent bores in the
2 components. However, the spline was shaped in the inducer with the parts
disassembled.

Dynamic balancing was done in 4 steps: (1) the inducer section alone, (2) the
radial section alone, (3) with the 2 components assembled on a precision arbor
(as a reference check), and (4) with the components assembled and installed on
the shaft. These steps were taken to eliminate possible opposing imbalances
between the components, which could produce undesirable rotor dynamics. The
maximum allowable imbalance was 0. 005 ounce-inch.

3.1. 6 Test Modifications

The impeller was modified in 2 steps: first, the inducer tip was cut back; then
the radial-section blade width was reduced by 0.045 incb, Figure 34 shows the
reworked inducer. Hand-working of the inducer leading edges was ':equired to
restore the proper blade shape. In both cases the spaces between the blades were
filled with a low-temperature melting-point material to prevent possible vibra-
tioi. damage to the blades during machining.
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Figure 31. Impeller Components During Assembly.

Inducr SetionRadial Driving Face

Blade b) Top View of Blade Joint After Blending

Radial Section
Blade Blend Area

a) Profile at Blade Joint

c) Side Vkf.ý" ,)f Blade Joint

Figure 32. Impeller Blade Blending.
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Figure 33. Joint Between Inducer and Radial Sections.
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3.2 TEST SECTION

Fabrication of the components described in Section 2.4.2 is discussed here, along
with modifications of the front cover and diffuser vanes required for additional
aerodynamic testing.

3.2.1 Front Cover

The aluminum liner and mild steel froutplate, which made up the front cover
assembly (Figure 35), were machined separately with excess material left on the
contoured shroud surface for machining with the 2 pazts asembled. The front-
plate was 1 piece, except for the ten 0.25-inch-thick webs that were welded in
place on the roughed-out plate. The special instrumentation bosses were alsc
welded in place at this time. Stress relieving before and after welding kept
warpage to a minimum.

Shroud contour was held widin 0. 003 inch of the basic contour and was inspected
on an optical comparator. Concentricity to the overall rig assembly was held
within 0.0003 inch; noncritical surfaces were fabricated to a E-0.010-inch tolerance,
but mating surfaces were held parallel and normal to the centerline within 0. 001
inch; the diffuser wall was held flat within 0.001 inch. The front cover was
modified during the test program by removing 0.020 inch from the diffuser-wall
surfa,.e to accommodate thicker vanes while maintaining the same impeller-shroud
clearance.

3.2.2 Backplate

Consti action of the backplate (Figure 36) was similar to that of the frontplate,
including 10 webs welded in place on the rough-machined part. Tolerances were
co-asistent with those for the frontplate.

3.2.3 Collector

The diffuser rig collector was modified for use on this rig by changing the back-
plate flange, as shown in Figure 37.

3.2.4 Inlet

Fabrication of this inlet (Figure 38) was the same as that described in
Section 3.2.4 of Reference 1.

46

/-•Scin324 fRfrne1



II

-•J Front Cover

--•Iji e - Shr'oud

Figure 35. Front Cover Assembly.
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Figure 36. Backplate.
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Figure 37. Collector.
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Support Strut

Figure 38. Inlet.
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3.2.5 'Vane-Islands

One set of 10 vanes was fabricated and installed on the backplate (shown in
Figure 39). Precision tooling holes were drilled in vane blanks that were rough-
cut from flat-ground low-carbon steel, after which the vanes were ground to the
finish dimensions in tooling fixtures. One fixture was used to machine the large
radius on the suctiori surface, and another was used to machine the straight sur-
faces by locating the surface to be ground parallel to the cutting plane. All vanes
were held together in the fixtures to provide maximum uniformity. The machining
tolerance was EO. 001 inch.

Several modifications were made to the vanes during the test program; either a
regrind of certain surfaces was required, wedges were added to the pressure
surface downstream of the throat to change the divergence angle, or both. The
regrinds were accomplished by changing the tooling fixtures; the wedges,
machined from the same material, were either pinned in place (the smaller

- wedges) or electron-beam welded. Electron-beam welding was used because it
provided a positive means of attachment with the least risk of vane warpage.

Figure 39. Vane-Islands Installed on Backplate.

51

-- _ , • •-_ _ _ _ _



4.0 (U) INSTRUMENTATION

Items of instrumentation u6ed in measuring the various impeller-shroud pres-
sures, diffuser pressures, and impeller-discharge temperature are described
in the following sections. The basic probes are discussed in Section 4.0 of
Reference 1. Applicable modifications are discussed in this section.

4.1 PRESSURE-MEASUREMENT INSTRUMENTATION

As in the earlier portion of the program, total- pressure rakes (3 probes each)
were designed to measure discharge profiles across the impeller tip ,Figure 40).
A yaw-pressure probe was also installed at the impeller tip to measure flow
angle and total pressure.

As in previous test configurations, static-pressure taps had 0.018-inch-diameter
holes with sharp corners. Figure 41 shows the static-pressure taps in a back-
plate of the diffuser rig with a 10-vane-island diffuser.

The digital-data-acquisition system was modified to measure and record temper-
ature as well as pressure data. The system had the capability of handling up to
184 pressure inputs and 50 temperature inputs. The system (Figure 42)
consisted of eight 24-channel cutoff valves; a storage volume for each pressure;
four 48-channel scanner valves which were used to port the stored pressure to 4
pressure transducers; a thermocouple reference oven; and a digital-data system.
Included in the digital-data system were an integrating digital voltmeter, a
magnetic recorder, and a paper-tape printer.

When each data point was recorded, the pressures were trapped in the storage
volumes by the cutoff valves. The system then immediately scanned the
temperatures and digitized and recorded the information on the magnetic tape
and the printed paper tape. The trapped pressures were then sequentially ported
by the scanner valves to the 4 pressure transducers. The signals from the pres-
sure transducers were digitized by the digital voltmeter and recorded on both the
magnetic and printed paper tapes. Temperatures were scanned at a rate of 10
per second and pressures were scanned at a rate of 7 per second. After all
pressures and temperatures were recorded, the cutoff valves were opened and
the system was ready for the next data point.

The data recorded by the system on computer-compatible magnetic tape were
converted to engineering units by a digital computer.

4.2 TEMPERATURE-MEASUREMENT PROBES

Probes to measure air temperature just outside of the impeller tip were selected
for minimum size and high accuracy. Each wari made as small as possible to
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Part No. !A" "B"t itcit "D"
-5 0O 025 0.040 O.040 0.060
-8 0.025 0.065 0.065 0.025
-9 0.030 0.040 0.040 0.050

A At, o. 0721- 0-.0200. D. Tubing

"All L

.0-0.032 "B"1

/-Radius Corner "D" -----

f 0. 050

6.00
Stem 3/16 0. D.

S`7 Tubing
0.028 Wall

LJ 0.015

U0.040

A Section AA
Operating Temp 700°F

Mach No. 1. 37

Figure 40. Total-Pressure Rake.
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Figure 41. Static-Pressure Taps in Diffuser Backplate.

iINI fi' M-
I I-j&

Figure 42. Digital-Data System.
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minimize airflow disturbance, as a result of earlier studies presented in Section

4.0 and Appendix VII of Reference 1.

4.3 TIP-CLEARANCE MEASUREMENT

Impeller blade tip-to-shroud running clearance was measured with an eddy-
current clearance detection system. An evaluation and a detailed description of
this system are presented in Appendix VIII of Reference 1.

An initial calibration was performed on a layout drilling machine In a manner
similar to that described previously. A point was checked during rig operation
utilizing a fixed rub sensor set at 0.030-inch clearance.
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5.0 -U) TEST EQUIPMENT AND PROCEDURES

Test equipment and procedures used for the compressor investigations were
similar to those described in Section 5.0 of Reference 1. Performance tests
were conducted at the same test site and with the same bearing-rotor system and
turbodrive unit as those used for the earlier diffuser tests. Variations in
procedures previously reported are discussed in the following text.

5.1 COMPRESSOR TEST RIG

The compressor test rig installation in the test cell is shown in Figures 43 and
44. Figure 43 is an overall view of the compressor and turbodrive unitand
Figure 44 shows a front view of the compressor. Static-pressure taps and
impeller-clearance-detector probes were installed as shown.

The new compressor test section was designed to adapt to the existing diffuser
test --otor system. The compressor-component assembly tested is described in
Section 2.0.

One impeller was used for all compressor performance tests. A backup impeller
was fabricated as a spare but was not used. The test impeller was proof spun
using the equipment described in Appendix IV of Reference 1.

Two 10-channel diffuser configurations were tested, V1 and V2. Vane designs
are described in Sections 2.0, 6.0, and 7.0. The test resulta of various impeller
and diffuser-vane modifications are presented in Section 6.0. A total of 42
compressor performance tests were conducted.

Mechanical checkout of the compressor test section was accomplished as planned
and without difficulty. The impeller-tip clearance probe was used to monitor and
establish design-speed operating clearance. Figure 45 shows the installation of
the clearance probe in the shroud near the impeller-tip radius. Also shown are
the minimum clearance probes (stationary type set at 0.007-inch depth).
Impeller contact with the probes at this depth did not occur during the tests.

A check of impeller running clearance, as indicated by the clearance-measuring
probe, was performed by extending the minimum clearance (stationary) probe to
a depth of 0.030 inch and increasing speed until contact with this probe was made.
The clearance-measuring probe and the stationary pzobe indicat3d the same
clearance at 46,000 rpm during a checkout test, and the reliability of the
measuring system was confirmed. Figure 46 is a typical impeller-tip-to-shroud
clearance plot obtained during tests. The decrease in tip clearance with an
increase in speed was primarily attributed to a snall deflection of the impeller
under the influence of centrifugal load. Thermal distortion of the shroud was
considered to be insignificant.
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S/•,• Srge Relief ValveEl Copressor Load Valve

T'urbine Blurneri

Turbodrive Unit Conlresso Unit

Figure 43. Compressor Test Rig Cell Installation.

Clearance Probe Wi ing Diffuser ChannelS• iStatic- Pres sureTue

i . Inlet Duct and Impeller Shroud:

SStatic- Pressure Tubes
t impeller Inle

Figure 44. Front View of Compressor Installation.
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Stationary Impeller-Tip
SMinimum-Clearance Probes

Figure 45. Impeller-Tip Clearance Probes Installed in Front Cover.

S0.020 ---- --- - - -

010 20 30 40 50
Ro~ior Speed (rpm x 10-3)

Figure 46. Impeller-Tip-to-Shroud Clearance Versus Rotor Speed.
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Compressor vibration-acceleration was scanned in the range of 200 to 20,000
cycles per second at speeds of 20,000 through 50,000 rpm in 5000-rpm increments
during the initial checkout test. Peak vibration corrbjponding to tired shaft-
critical speed occurred at 45,500 rpm. Figure 47 is a plot of compressor and
turbodrive housing vibration-acceleration throughout the operational speed range.
Recorded vibration was within the previously established operating limits, as
described in Table XII of Reference 1.

5.2 AERODYNAMIC-PERFORMANCE INSTRUMENTATION

Instrumentation used in the compressor performance analysis included static-
pressure taps in the inlet duct, shroud, diffuser-channel front and backplates,
and the collector. Total-pressure probes were installed at the compressor inlet,
at the impeller exit, and at three locations across the diffuser throat. Total-
pressure Kiel probes, 3-probe rakes, and yaw probes as described in Section 4.0
of Reference 1 were used for these tests. Compressor-inlet and collector-air
temperatures were obtained with the same type bare-wire, iron-constantan
thermocouple previously used. Compressor test section instrumentation is
shown in Figures 48, 49, and 50.

Static-pressure wall taps (0. 030 inch diameter) were machined in the front and
rear diffuser plates, impeller shroud, and inlet duct. Figure 51 shows the
backplate static-pressure taps in the semivaneless space and diffuser passage.
A similar set of static taps was machined in the diffuser frontplate. Installation
of the static-pressure tubes in the plates was accomplished with copper swage
fittings as in the previous test configuration.

Compressor-inlet total pressure was obtained with 3 Kiel probes installed at
different depths in the inlet duct. Installation of an impeller-discharge 3-probe
rake (PR1) in the shroud is shown in Figure 52. The diffuser-throat total-pres-
sure rake (PR4 ) is shown in Figure 53. These 2 rakes are shown removed from
the shroud in Figure 54. As shown, the probe body was brazed into a dowel-
positioned adapter, which was easily and quickly installed or removed without the
need for visual setting of the probe. When the rakes were not in use, the bore
was plugged with a blank adapter, also shown in Figure 54. Impeller-exit flow
angle, total pressure, and temperature were obtained by the same procedure and
with the same type of probes as those described in Sections 4.0 and 5.0 of
Reference 1. The miniature-type total- temperature probe was used for these
tosts.

Compressor airflow was measured with a Boeing-built 5.46-inch diameter
A.S.M.E. flow nozzle. The flow nozzle inlet configuration, plenum chamber and
metAho of measurement were id-nnrl to tho rorted previousclv.
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I
Total-Pressure Rake In D

4.97r, 5.11r, 5.24r (1

Dimensions Given are Total-Pressure and

to the Probe Centerline (1 Each) 180 Degree

Two Total-Pressure Ra
(PR1 and PR2)

Total-Temperature Probes

(3 Equally Spaced)
-Waft.y paed Kiel Probes (3 Equally Spaced).

: •~Radially Located at 7

Lr

Station Numbers

I:
Figure 48. Instrumentation Locations.
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Instrumei

Diffuser Throat, Three Positions: Station Distan
(PR5 , PR4 , and PR3 Respectively) Number Referei

d Total-Temperature Yaw Probes 4 -8
ees Apart at 4.76 r (PT1 and TTl) 5 -2,

6 1,
7 0'

es 174 Degrees Apart at 4.71 r . _8 0,

9 0,
10 0,
11 0'
12 0.
13 1.
14 2.
15 3.
16
17
18
19

l~lF4

- 4

t



Instrumentation Stations

Axial Radial
Station Distance From Distance Fromn
Number Reference Station Centerline, r

(in.) (in.)

4 -8.18
5 -2.50
6 -.-1.28

S7 0.37
8 0.52
9 0.62

10 0.72
11 0.82
12 0.92
13 1.17
14 2.22
15 3.04
16 2.52
17 3.00

18 3.80
19 4.71

0 Indicates Static-Pressure
Taps; 3 Equally Spaced

r At Each Station Indicated

Note: Collector Pressure and
Temperature Probes Not
Shown

LO o6-0
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Figure 49. Diffuser Frontplate Static-Pressure Tap Locations.
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Figure 50. Diffuser Backplate Static-Pressure Tap Locations.
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Figure 51. Static-Pressure Taps in Diffuser.
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Figure 52. ~Total-Pressure Rake (Ptaltin
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Figure 53. Total-Pressure Rake in Diffuser Throat.

"Hr II

I R I Rake and Plug R4Rake and Plug 1
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16k%3~pZ2?40486 et 16 12400

-Fig~ure 54. Total-Pressure Radkes and Plug,,s.
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5.3 PERFORMANCE DATA ACQUISITION

Compressor performance data (temperature and pressure) were recorded by the
digital-data system described in Section 4.1. in addition to the automatic digital
recordings, impeller shroud, inlet duct, and collector static pressures were
recorded manually on data sheets shown in Section 5.0 of Reference 1. The same
manual-readout instruments described for the previous tests were used. Critical
dimensions (such as impeller-tip clearance, blade height, diffuser-throat width,
and throat height) affecting perfcrmance characteristics were measured for each
configuration tested. Table IV lists the tests, speeds, diffuser-vane thicknesses
and throat-height dimensions, impeller-tip clearances, and instrumentation
probes used.
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TA1BLE IV
DIFFUSER-VANE CONFIGURATIONS

"Corrected Single- Impeller-Tip Instrumentation Probes Installed

Test Rotor Vane Vane Throat Width (in.) Throat Clearance (in.) ITotal-Pressure Rakes Yaw Probe4 Dymec

No. Speed No. Thickness max AvgI Area IStatic 50,0001 (See Figure 40, Section 4. 0 for Data

(rpm) (in.) (in..2) rpm -5, -8, and -9 rakes.) Recorded

3351 50,000 VI 0.230 0.437 0.450 0.444 1.021 0.068 0.063

3352 50,000 V1-1 0.200 0.437 0.450 0.4414 0.888 0.038 0.028

3352A 50,000 V1-1 0.200 0.437 0.450 0.444 0.888 0.038 0.027 X

3352B 50,000 V1-2 0.190 0.437 0.450 0.444 0.844 0.028 0.016 X

3352C 50,000 V1-3 0.183 0.437 0.450 0.444 0.813 0.027 0.016 X

3353 46,000 V1-3 0.183 0.437 0.450 0.444 0.813 0.027 0.016 -8 and -9 Vaneless Space (P.1 and P12) PT1 , TT1 X

3353 46,000 V1-3 0.183 0.437 0.450 0.444 0.813 0.027 0.016 X

3353 50,000 V1-3 0.183 0.437 0.450 0.444 0.813 0.027 0.016 X

3353A 50,000 V1-3 0.183 0.437 0.450 0.444 0.813 0.027 0.016 X

3353B 50,000 V1-3 0.183 0.437 0.450 0.444 0.813 0.027 0.016
3353C 50,000 V1-3 0.183 0.437 0.450 0.444 0.813 0.027 0.016 -9 in Vaneless Space (PR2) X
--3353D_ 50,000 V1-3 0.183 0.437 0.450 0.444 0.813 0.027 0.016 -9 In Center of Throat ( X

3353E 50,000 V1-3 0.183 0.437 0.450 0.444 0.813 0.027 0.016 -9 in Top of Throat (PR3 ) X

3353F 50,000 V1-3 0.183 0.437 0.450 0.444 0.813 0.027 0.016 -9 in Bottom of Throat (PR5) X

3354 50,000 V1-4 0.183 0.472 0.477 0.475 0.869 0.027 0.016 -9 in Center of Throat (PR5) X

3354A 50,00C V1-4 0.183 0.472 0.477 0.475 0.869 0.027 0.016 -9 In Center of Throat (pR4) X

3354B 50,000 V1-4 0.183 0.472 0.477 0.475 0.869 0.027 0.016 -9 in Top of Throat (PR3 ) X

3355 50,000 V1-5 0.183 0.495 0.498 0.4-7 0.909 0.027 0.016 X

3356 50,000 V1-6 0.183 0.515 0.51.1 0.517 0.946 0.027 0.016 X

3356A 50,000 V1-6 0.1 9 0.515 0.519 0.517 0.946 0.027 0.016 -9 in Vancless Space (PX2) X

3357 50,000 V1-7 0.183 0.515 0.519 0.517 0.946 ri.027 0.016 X

3358 50,000 V1-8 0.183 0.515 0.519 0.517 0.946 0.027 0.016 X

3358A 50,000 V1-8 0.183 0.515 0.519 0.517 0.946 0.027 0.016 X

3359 50,000 V1-9 0.183 0.515 0.519 0.517 0.946 0.027 0.016 XE 3360 50,000 VI-10 0.183 0.515 0.519 0.517 0.946 0.027 0.016 X

3361 50,000 VI-10 0.183 0.515 0.519 0.517 0.946 0.027 0.016 X

5 3362 50,000 VI-10 0.183 0.515 0.519 0.517 0.946 0.027 u.016 X

3363 50,000 VI-1l 0.183 0.515 0.519 0.5.17 0.946 0.027 0.016 X
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TABLE IV

(Continued)

Corrected Single- Impeller-Tip Instrumentation Probes Installed

Test Rotor Vane Vane Throat Width in. Throat Clearance (in.)- rTotal-Pressure Rakes Yaw Probesi Dymec
No. Speed No. Thickness IMin max Avgl Area IStatic 50,0001 (See Figure 40, Section 4.0 for Data

(rpm) (in.) (in.2 ) rpm -5, -8, and -9 rakes.) Recorded

3364 50,000 Vi-l 0.183 0.515 0.519 0.517 0.946 0.027 0.016 X

3365 50,000 Vl-12 0.183 0.515 0.519 0.517 0.946 0.027 0 016 X

3366 50,000 V2 0.203 0.423 0.427 0.426 0.865 0.027 0.015 X

3366A 50,000 V2 0.203 0.423 0.427 0.426 0.865 0.027 0.015 -9 in Vaneless Space (PH2) X

3366B 50,000 V2 0.203 0.423 3.427 0.426 0.865 0.027 0.015 -9 in Top of Throat (PR3) X

3366C 50,000 V2 0.203 0.423 0.427 0.426 0.865 0.027 0.015 -9 in Center of Throat (PR4) X

3366D 50,000 V2 0.203 0.423 0.427 0.426 0.865 0.027 0.015 -9 in Bottom of Throat (PR5) X

3366E 50,000 V2 0.203 0.423 0.427 0.426 0.865 0.027 0.015 -8 in Vaneless Space (PR1 ) X

3367 50,000 V2 0.203 0.4235 0.427 0.426 0.865 0.027 0.015 X

3368 35,000 V2-1 0.158 0.465 0.470 0.601 0.950 0.027 0.022 X

3368 40,000 V2-1 0.158 0.465 0.470 0.601 0.950 0.027 0.020 xj

3368 45,000 V2-1 0.158 0.465 0.470 0.601 0.950 0.027 0.018 X

3368 50,000 V2-1 0.158 0.465 0.470 0.601 0.950 0.027 0.015 X

3368 51,E50 V2-1 0.158 0.465 0.470 0.601 0.950 0.027 0.015 X

3369 50,000 V2-2 0.158 0.541 0.551 0.546 0.862 0.027 0.009 X

3369A 50,000 V2-2 0.158 0.541 0.551 0.546 0.862 0.027 0.009 -5 In Vancless Space

3369B 50,000 V2-2 0.158 0.541 0.551 0.546 0.862 0.027 0.009 -5 in Centereof Throat X

33690 51,850 V2-2 0.158 0.541 0.551 0.546 0.862 0.027 0.008 X

3370 35,000 V2-2 0.158 0.541 0.551 0.546 0.862 0.027 0.014 X

3370 40,000 V2-2 0.158 0.541 0.551 0.546 0.862 0.027 0.014 X

3370 45,000 V2-2 0.158 0.541 0.551 0.546 0.862 0.027 0.014 X

3370 51,850 V2-2 0.158 0.541 0.551 0.546 0.862 0.027 0.014 X

3370 53,000 V2-2 0.158 0.541 0.551 0.546 0.862 0.027 0.014 X

3370A 35,000 V2-2 0.158 0.541 0.551 0.546 0.862 0.027 0.014 X

3370A 40,000 V2-2 0.158 0.541 0.551 0.546 0.862 0.027 0.014 X

3370A 45,000 V2-2 0.158 0.541 0.551 0.546 0.862 0.027 0.014 x

3370A 50,000 V2-2 0.158 0.541 0.551 0.546 0.862 0.027 0.014 X
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6.0 (C) TEST RESUTATS (U)

The results of the impeller and diffuser tests conducted during the second portion
of the program are presented in this section. One impeller (with 2 modifications)
was tested with various diffuser configurations. Of the 42 tests run, 9 were
aimed at defining impeller performance, while the remaining runs were for
gathering data to establish diffuser performance trends.

6.1 IMPELLER

The following discussion presents the test plan, measured data, and calculated
results obtained from the impeller tests. All data were reviewed and curves
were selected to provide a complete performance description of the impeller.

6.1. 1 Test Plan

Table V presents the test plan for the RF-2 impeller; only the tests run to define
impeller performance are tabulated. The other tests (run to evaluate diffuser

performance) are presented in Section 6.2. The standard impeller test data were
as follows:

1) Inlet temperature

2) Inlet total pressure

3) Inlet airflow

4) Static pressure along the inlet duct shroud

5) Static pressure along the inlet duct hub

6) Static pressure along the impeller shroud

7) Static pressure at the impeller exit

8) Collector temperature

9) Collector pressure

Special instrumentation was added for some tests to obtain additional data neces-
sary in evaluating impeller performance. This information is also shown in
Table V.
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3 CONFIDENTIAL

E 6.1 2 Impeller Modifications

The first modification of the impeller was to sweep the leading edge of the inducer
(shown in Figure 55). The modification was intended for investigation of the
influence of inducer Mach number changes on impeller performance. The im-
peller was run with a previously tested diffuser (V2), without instrumentation
probes at the impeller tip. A comparison plot of overall pressure ratio versus
airflow for the swept and unswept leading-edge inducer (both with the V2 diffuser)
is given in Figure 60 in the Test Results section. Because there was no meas-
urable difference between the 2 impellers, and because overall impeller perform-
ance in the unswept configuration was already well defined, no further tests of
this modification were necessary.

The impeller was modified a second time by reducing the blade width at the exit
from 0.180 to 0.135 inch (shown in Figure 56). The redrction in blade width was
expected to reduce exit mixing losses by increasing the jet-to-wake width ratio.
"This configuration was tested with instrumentation at the impeller tip, and the
test results are presented with the other im•- er data in the Test Results section.

6.1.3 Performance Measurements

To define the impeller performance,the following information was required:

1) Temperature rise

2) Pressure ratio

3) Vector diagrams

4) Slip factor

5) Blockage factor

Compressor Temperature Rise

The compressor temperature rise was used to determine adiabatic efficiency, and
both are given in Section 6.1.4. The collector temperature measurement was
used for this purpose.

The total-temperature profile at the tip of the impeller was measured for Test
3353 at 46,000 and 50, 000 rpm. This profile was needed in continuity calculations
for mass-averaging total-pressure data. These data, given in the Test Results

section, show a large difference between the measured temperature at the tip of
the impeller and the collector temperature. This same discrepancy was observed
during the testing reported in Sections 6.0 and 7.0, and in Appendix VII cf

Reference 1. 79
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Figure 55. Inducer Leading-Edge Modification.
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Figure 56. Reduced Blade Width Modification.
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Because the collector temperature was believed to be the true temperature rise
of the impeller, the temperature profile at the tip was adjusted by decreasing each

point on the profile by a constant AT until the mass-averaged total temperature
of the resulting profile matched the collector temperature. The temperature-rise
factor for the impeller was also calculated and is presented in Section 6.1.4.
This factor was defined previously in Section 6.1 of Reference 1.

Pressure Ratio

Total-pressure profiles at the impeller tip were obtained with 3-probe rakes for
all impeller tests except Test 3367 (inducer sweep test). In addition, yaw-probe
flow-angle data were measured for Test 3353. Because these probes adversely
affect overall performance, flow-angle profiles were not obtained for all tests;
the profiles from Test 3353 were adjusted and used for the other impeller tests.
This adjustment was made by setting the minimum angle at the same point in the
passage as the maximum pressure, as confirmed by Test 3353. The remaining
points were positioned so that the profile was similar to the measured profile.
From these data, the airflow versus pressure ratio and the efficiency curves
were obtained for the impeller.

Inlet Vector Diagram

The data required for inlet vector diagram are: 1) inlet static pressure, 2) inlet
total temperature, and 3) inlet total pressure. From these data, the inlet vector
diagrams and the plots of incidence variation along the blade were prepared.

"Exit Vector Diagram

The exit vector diagrams were calculated from the mass-averaged values of total
pressure, total temperature, flow angle, and the measured static pressure, using
the method outlined in Section 6.1.1 of Reference 1.

Slip Factor

The slip factors and the variation of average slip factor with airflow were
calculated as previously described in Section 6.1.1 of Reference 1.

Shroud Static Pressure

The static-pressure rise along the shroud of the impeller from inducer inlet
to impeller exit is given in the Test Results section.

6.1.4 Test Results

The data obtained from the impeller tests are presented in this section. The
arrangement of the data is as follows: 1) performance map, 2) measured data,
and 3) calculated results. The evaluation of the results is given in Section 7.0.
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Figure 59. Pressure Ratio Versus Airflow.
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Figure 60. Pressure Ratio Versus Airflow.
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Figure 62. Impeller-Tip Total-Temperature Survey, RF-2.
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Figure 63. Impeller-Tip Total-Temperature Survey, RF-2.
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Figure 64. Impefler-Tip Total-Temperature Survey, RF-2.
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Figure 65. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 66. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 67. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 68. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 69. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 70. Impeller-TUIp Total-Pressure Survey, RF-2.
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Figure 71. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 72. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 73. Impeller-Tip Total-Pressare Survey, RF-2.
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Figure 74. Impailer-Tip Tercel1-Pressure Survey, RF-2.
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Figure 75. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 76. Impeller-Tip Total-Pressure Survey, RF-2.
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•sFigure 77. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 80. Impeller-Tip Total-Presr-ure Survey, RF-2.
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Figure 81. Impeller-Tip TotAl-Pressure Survey, RF-2.
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Figure 82. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 83. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 84. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 85. Impeller-Tip Tntal-Pressure Survey, RF-2.
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Figure 86. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 87. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 88. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 89. Impeller-Tip Total-Pressure Survey, RF-2.
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Figure 90. Impeller-Tip Flow-Angle Survey, RF-2.

CONFIDENTIAL



CONFIDENTIAL

- I
Corrected to AmbientCon~ltion.8 of: "

6V*

29.92 in. Hg

S74

86- - -

82--

0

76 - Test 3353

74- N/VT = 461000 rpm

72, -
- 1. 43 lb/sec-

0 0.05 0.10 0.15 0.20

Distance Across Passage (in.)

Figure 91. Impeller-Tip Flow-Angle Survey, RF-2.
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Figure 92. Impeller-Tip Flow-Angle Survey, RF-2.
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80. I I I

.. Corrected to Ambient
SConditions of:

60*F
70 ---29. 92 in. Hg

60 - z_ Test 3354
-0 N/vF-= 50, 000 rpm

"Wa-/8=I I I I.b/sec

50 Data points are the numerical average of 3
equaily spaced, circumferential readings.

S40

0

10 U01

-1 0 1 2 3 4 5 6

Distance Along the Shroud (in.)

Figure 104. Static Pressure Along the Shroud, RF-2.
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. ._ Corrected to Ambient
Condit~n of

70W
2 9. 92in. Hg-

60 _ -.1 Test 3354
N 50, 000 rpm
"W w / . 87 lb/esec .-. 01 17/

W 50 Data points are the numerical average of 3
P4 equally spaced, circumferential readings.

S 40
1.4

20 -

0

-1 0 1 2 3 4 5 6

Distance Along the Shroud (in.)

Figure 105. Static Pressure Along the Shroud, RF-2.
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80

Corrected to Ambient
Conditions of:

bo 60°F
70 ~29.92 in. H

TTest 33,54
60 [NT/V-'j= 50,000rpm ----

6j WaVt"/8= 1. 96 lb/secJI
i I I - . - - - -

Data points are the numerical average of 3
equally spaced, circumferential readings."• 50

04

40------------------- --

o 30

10

0 20-

-1 0 1 2 3 .4 5 6

Distance Along the Shroud (in.)

Figure 106. Static Pressure Along the Shroud, RF-2.
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8o I I t I I
Corrected to Ambient

Conditions of:
f 60OF

70 29.92 in. Hg.

Test 3355
60 0 NAT= 50,000 rpm

|Wa 1 /= .81 lb/sec

Data points are the numerical average of 3• 50 •Dequally saced, circumferential readings.

W 40

30.ti-
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0-1 0D1A12on 3 4 5 6

Distance Aogthe Shroud (in.)

Figure 107. SttcPressure AogteSruRF-2.
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801-T I

J •o Corrected to Ambient
Conditions of:

w 060F I
729.92 In. Hg

Test 3355
60 -- N/Vy = 50.000 rp0 0_-

49 l WaVY/8= 1.93 lb/sec

Data points are the numerical average of 3

-• 50 equaily spaced, circumferential readings.

12 ' 40-----
;4

V 30

10

0-1 012 3, 4 56

Distance Along the Shroud (in.)}

Figure 108. Static Pressure Along the Shroud, RF-2.
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80 -

0 -Corrected to Ambient
b- ofConditions of:

I 609F
70 29. 92 in. 1-

0160 Test 3355

L IN/vy= 50,000 rpm
021W~aN a= 2. 04 lb/sec

Data points are the numerical average of 3
equally spaced, circumferential readings.

Co 0~40-
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20 •

B1 o
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Distance Along the Shroud (in.)

Figure 109. Static Pressure Along the Shroud, RF-2.

136

CONFIDENTIAL



CONFIDENTIAL

ctredW to Ambient
Conditions of.

Wz 60OF
70 b 29.92 in. Hg -

60 ) Test3356
SN/Vl = 50,000 rpmn

.•'• ,OO-W /8 = 1.88 lb/sec - .,- /
to eul sae I-

• 50 Data points are the numerical average of 3
equally spaced, circumferential readings.
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0. ,i iI I I-
10" ,
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Distance Along the Shroud (in.)

Figure 110. Static Pressure Along the Shroud, RF-2.
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80 IT 1 -- --

, iCorrected to Ambient -

t -I Conditions of:rz ! 6oF _ _ _

70 D Z.92 in. HgS" I,

S~60 - - - o-tT s 35
.- _• • / N14p 50•, 000 rpmI I

S'• •. Ww•-VF I1. 98 Ib/sec[,
60- Data poitsare the numerical average of 3 -

Dtra 50 equally spaced, circumferential readings.

p 40

II)240---------------
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20

20

-1 0 1 2 3 4 5 6

Distance Along the Shroud (in.)

iFigure 111. Static Pressure Along the Shroud, RF-2.
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S~~~~80

=-, CoITected to Ambient
- - Conditions of:

o •60OF
70 29. 92 in.•Hg

$ Test 335660 N/VJ'= 50, 000 rpm
60 WaF/8S= 2.06 lb/sec

Data points are the numerical average of 3

- 50 -equally spaced, circumferential readings.

, 2 40

m 30

2 /00

°10

-1 0 1 2 3 4 5 6

Distancc Along the Shroud (in.)

Figure 112. Static Pressure Along the Shroud, RF-2.
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I Corrected to Ambient Test 3353
Conditions of: N/N = 46,000 rpm

607F wal/8=1.42 lb/sec
29.92 in. Hg __

70 I S = Circumferential

Hub o distance between

= -.Shroud adjacent vane tips
(2.96 in.)

C• o

60-

14

N

4- 50-

40 E
00:5 1.0 ÷

: ~Circumferential Spacing, SIS0 ,

Figure 113. Circumferential Variation of Impeller-Exit Static Pressure.
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J Corrected to Ambient Test 3353I onditions of., N/V =46,000,rpm
607F ,WVa= 1.43 lb/seci 9.• 92 .279.92 In. Hg I a

70 I IS = Circumferential

Hub o distance between
Shroud adjacent vane tips

(2.96 in.)

• 60

'• 0 I
N-

P4

''I
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Corrected to Ambient Test 3353
S Conditions of: N/•F = 50,000 rpm

60*F W /8-7= 1.76 lb/sec
29. 92 in.Hg a

I 80 I S = Circumferential

Hub 0 distance between

..---. Shroud adjacent vane tips
(2.96 in.)

a 70

S 60

500---
0.5 1.0

Circumferential Spacing, S/S1

Figure 115. Circumferential Variation of Impeller-Exit Static Pressure.
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Corrected to Ambient Test 33530
Conditions of: NIVe" =50,000 rpm

606F wV1/a= 1..72 lb/sec
29.92 in.Hg

80 1 S = Circumferential

,Hub 0 distance between

..... Shroud adjacent vane tips
(2.96 in.)

7J

14
0) -

S 60

'741

50)

S50 0.5 1.0

Circumferential Spacing, S/S,

Figure 1.16. Circumferential Variation of Impeller-Exit Static Pressure.4143
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Corrected to Ambient Test 3353C
Conditions of: N/v =50,000 rpm

60F Wrael8= 1.76 lb/sec
29.92in. Hg

80 I S = Ctrcumierential

Hub distance between

.. . Shroud adjacent vane tips.r (2.96 in.)

C 70

1 ý1 W

N
14

P4

x

0

0 0.5 1.0

Circumferential Spacing, SIS1

Figure 117. Circumferential Variation of Impeller-Exit Static Pressure.
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SCorrected to Ambient Test 3353C
Conditions of: NI•/' =50, 000 rpmi

607F wV9/8= 1.83lb/sec
29. 92 in. Jig I [a

80 i S = Circumferential

, Hub 0 distance between

, .. .. Shroud adjacent vane tips
(2.96 in.)

S70

0 1 1

50

so0 0.5 1.0

Circumferential Spacing, S/So

Figure 118. Circumferential Variation of Impeller-Exit Static Pressure.
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Corrected to Ambient Test 3356A

Conditions of: -NAo--= 50,000 rpm
604F wV0/18= 1. 97 lb/sec

29. 92 in. Hg

80 I S = Circumferential

S Hub 0 distance between

- - --. Shroud adjacent vane tips
(2.96 in.)

S70-

Y

44 60

50.

0 0.5 1.0

Circumferential Spacing, S/S,

Figure 119. Circumferential Variation of Impeller-Exit Static Pressure.
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Corrected to Ambient Test 3356A
Conditions of:-N/V-'• 000 rpm

al
606F FW /= 20, 000/sem

29. 92 In. Hg at7=2 6l/e

80 S = Circumferenttil

S Hub 0 distance between
Shroud adjacent vane tips

"(2.96 in.)

a 70

I I

rh 6 0
p4

vI

'.4-

0 0.5 1.0

Circmumferential Spachig, SIS°

SFigure 120. Circumferential Variation of Impeller-Exit Static Pressure.4147
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Corrected to Ambient Tes 366A ]Conditions ofi NN(-• = 50,000 rpm
607 wv9eS= 1.88 lb/sec

29.9 in. Hg a

80 8 I I S = Circumferential

Lub distance between
-....... Shroud adjacent vane tips

-. I I (2.96 in.)

S70

4D

60

5_ E
0 0.5 1.0

Cirummferential Spacing, S/S°

Figure 121. Circumferential Variation of Impeller-Exit Static Pressure.
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Corrected to Ambient Test 3366A

Conditions of: N0V = 50, 000 rpm
60F a/8=1.92 lb/sec

29.92in

I I S =Circumferential
, Hub 0 distance between

- - - - - -Shroud adjacent vane tips
(2.96 in.)

/

S70 N 00

u•60

Ný (a00- / .m o

60

0 0.5 1.0

Cirumunerential Spacing, S/S

Figure 122. Circumferential Variation of Impeller-Exit Static Pressure. •
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Corrected to Ambient Test 3366AI Conditions of: NIVE = 50,000 rpm
607F w ag] 1. 93 lb/sec

29.92 .Hg

80 1 S Circumferential

Hub distance between
-..... Shroud adjacent vane tips

(2.96 in.)

,• 70 "

CQ

/ "-

~50
_•0 0.5 1.0

Circumferential Spacing, S/S,

Figure 123. CL.-cumferential Variation of Impeller-Exit Static Pressure.
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Corrected tO Ambient Test 33 69A pCodtin of NiVB" = 50, 000 rpml

. 606F W eA8-- 1.88 lb/secS29. 92 in. H9

80 S = Circumferential

Hub 0 distance between

-.---.. Shroud adjacent vane tips
(2.96 in.)

I/

-70

14x-4_4i 60------- ------------

60

0 I5

0 0.5 1.0

Circumferential Spacing, S/So

Figure 124. Circumferential Variation of Impeller-Exit Static Pressure.
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SCorrected to Ambient Test 3369A
Conditions ofNV = 50,000 rpm
S 60OF 1wVe0/8=ý 1.90 lb/sec

29.92 in. Hg -M I
I I I S = Circumferential

u 0 distance between

Shroud adjacent vane tips
(2.96 in.)

70-

P4

S60 --

50---------------------
0 0.5 1.0

Circumferential Spacing, SIS

Figure 125. Circumferential Variation of Impeller-Exit Static Pressure.
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[ Corrected to Ambient Test 3370A
Conditions of: N' - 35,000 rpm

607.F wV78= 0..76 lb/s.ec
29.92 i.. U a

50 I S Circumferential

Hub o distance between

-__-- .. ... Shroud adjacent vane tips
(2.96 in.)

40'40

,4

P4

0 30

20

0 0.5 1.0

"Circumferential Spacing, S/S°

Figure 126. Circumferential Variation of Impeller-Exit Static Pressure.
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'Corri-ted to Ambient Test 3370A II ConditionR of: NAe- =35,000 rpm

60*F WVa/8 0.79 lb/sec m
29.92 in.Hg 

s a-

50 -I-I S = Circumferential
Hu H0 distance between

.- .. _.Shroud adjacent vane tips
(2.96 in.)

III

."0-----------------------

40

S30

_-0 .-

0 0.5 1.0
Circumferential Spacing, S/S°

Figure 127. Circumferential Varation of Impeller-Exit Static Pressure.
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CorrOcted to Ambient Test 3370A
_ _ _Conditions of: N/F = 35,000 rpm~~~0 0 oFw e8 .82 lb/s~ee

|29. 92 In. Hg

50 S = Circumferential

Hub 0 distance between

-.__..Shroud adjacent vane tips
(2.96 in.)

40-----------

N.

Pq

S 30

- -04
P-1

20 --
0 0.5 1.0

Circumferential Spacing, S/S°

Figure 128. Circumferential Variation of Impeller-Exit Static Pressure.

155

CONFIDENTIAL

(I



CONFIDENTIAL

Corrected to Ambient Test 3370AConditions of: I N/'/= 40,000 rpm

2 607 I WV ?8= 1.01 lb/sec
S29.92 In. Hg a

60 I S = Circumferential
distance between

Shroud adjacent vane tips
(2.96 in.)

I -o

-5 i-

•50$4

x-7-

40

30,- -

0 0.5 1.0

Circumferential Spacing, S/S 0

Figure 129. Circumferential Variation of Impeller-Exit Static Pressure.
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,lratod Amb~ient Test 3370A4Conditions of 1 N/T/' = 40, 000 rpm

60F I W.N.•..,81.04 lb/sec
29.92 In. Hga

60 1I S = Circumferentiai

Hub 0 distance between

.. .. ..Shroud adjacent vane tips
- - - -(2.96 in.)

S50

P4

00

-o" "-m

XI1
Sm 40

30

I--- I-----

40 0.5 10
Circumferential Spacing, Q/S4

Figure 130. Circumferential Variation of Impeller-Exit Static Pressure.
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Corrected to Ambient Test 3370A
60oF WVto•-= 1.08 lb/sec

29.92 in. g a

60 I S = Circumferential

Hub 0 distance between
- - -- -.. Shroud adjacent vane tips

(2.96 in.)

SI

,S 5050-----------------
Ca

P4

W

40

XI

0 0.5 1.0
Circumferential Spacing, S/S°

Figure 131. Circumferenil Variation of Impeller-Exit Static Pressure.
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ICorrected to Ambient Test 3370A
Conditions of: NA = 45,oo0 0rpm

60'F w v6/=8- 1.39 lb/sec
29.921n. Hg

70 S= Circumfereniaal
Hub o distance between

-.--. Shroud adjacent vane tips
(2.9 in.)

60

P4

50 -

xE
CD

4O -

0 0.5 1.0

Circumferential Spacing, S/S0

Figure 132. Circumferential Variation of Impeller-Exit Static Pressure.
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SCorrected o AElmbient Test 3370A
Conditions of NVp= 45,000 rpm

607F I wV1 = 1.41 lb/sec
29.92 n.Hgj I

70 1 = Circumferential

Hub 0 distanice between

------ Sh~roud adjacent vane tips
(2.96 in.)

60

-5

50

X

|Z

, ,0
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Corrected to Ambient Test 3370AI Conditions of: ./V =50,000 rpm
S 606F 1Vý/'X 7 1.86 lb/sec
I 29.92 I.Hg a

80 S = Circumferential

. . Hub distance between

.. . .Shroud adjacent vane tips
(2.96 in.) -

W f
*~70-- I //

I

$4

04

50 - -.
0 0.5 1.0

Circur-frent!al Spacing, S/So

Figure 134. Circumferential Variation tf Impeller-Exit Static Pressure.
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Corrected to Ambient Test 3370A
Conditions of: I NA_ = 50,000 rpm

60"F a [ 1l88lb/sec
29.92 In. Hg I r /a______

"-80 I I I S = Circumferential
0 distance between

- .. -... Shroud adjacent vane tips

L (2.96 in.)

S70

1- W
0)

S 501 1~ 1~ 1
S~Circumferential Spacing, S / _

-- _- Figure 135. Circumferential Variation of Impeller-Exit Static Pressure. i.
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- Corrected tD Ambient T
Conditions of: . .4

6o'F• -/ -1.42 lb/see -
2 9.92 In. H9g 1.2 -- s-

So -_ 0 1.4-

1.c ir- 1.2

0 0.10 0.20 4-b.

a 0.0
.• 0

S~ Test 3353

S1.4 N/V-= 46,000 rpmS• ••V•-S= 1. 43 lb/s ec --
,o 1.2 1- .i II

SI 'Q 1.4
o0. 8-

0 0.10 0.20

;4 T est 3353 1 .0
1 .4 N/V0 50,000 rpm1.4 WaV78 :1.76 lb/sec 0 0. 8-

z 0.• I w

C1 0 ..00

ow 0.81 - --- -

4 0 0.10 0.20

k Test 3353C 1.4.

- N/V1-= 50,000 rpm
14Wavo7b/h 1. 721lb/see z

zo1.2 110- __000

1.0 .. 2.
0 - - - - 0.8a0 0.8f <4 0

S0 0.10 0.20

Passage Width (in.)

Figure 136. Impeller-Exit Mach Number Survey, RF-2.
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Test 3353C st 3356A
NIV/#-= 50,000 rpm N/V•= 50,000 rpmW V'7/5 - 1.76 lb/sec WaV'/8 =2.06 lb/se- I - 4v 1.4 Y----a 2

10-•o. -i .-
'44

0.10 0.20 0 0 0.10 0.20
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0.81 1 z121
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Test 3356A 
Test 3366AN p 50,ooo0 rpm 
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Test 3356A Test 3366A
N/V--= 50,000 rpm k N/V_- 50,000 rpm
WaV-/S = 2.06 lb/sea 1. 93 lb/sec" • ~1.4'

I z
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Test 3366A Test 3369A
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lTest 3370A

NA'W= 35,000 rpm '.4

w =0.76 lb/se
z 1.2------------- --- 1.2

1.0- 1.0-

0.60 0.8
020

0.1 1.j0w 0.6 -- - - - --00,10 0.20 0 0.10

N/V-= 35,000 rpm
SW V -/8 = 0.79 lb/sec

zI
4 1.0--------------- , 1.0 ---- -

0.8 0.8

0.6 
-4:0. - - - - 0.61 1-----l-------

0 0.10 0.20 0 0.10

SN/v"= 35,000 rpm N
"W�"/8= 0.82 lb/sec

"1.2 0.2

1.- 0.8 -,a1.
4J• 0 . 0 .8 l0.

-0 0.60 1 0.6
0 0.10 0.20 o 0.10

Passage Width (in.) Passage Width

Figure 137. Impeller-Exit Mach Number Survey, RF-2.
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I N/yp- 40,000 rpm
WpV~8 =1.01 lb/sec I

/V-= 45,000 rpm-,-iWaV• = 1. 39 lb/sec

ri ~1.4 - -- --- 1.4

z 0
1 2, a 1.2
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0.0
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N/VF 40,000 rpm
WAVM/ = 1. 04 lb/s ec

0.20 NA'.= 45,000 rpm
0W WaV7= 1. 41 lb/sec
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-NAA-= 45,0 0 0rpm8 k NW= So, ooo rmWa•'T/8 1.39 lb/sec o/ - .86•/e
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0.10 0.20 C4 0 0.10 0.20
sage Width (in.) Passage Width (--,)

.00
1.0 "I
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SCorrectedft Ambient Test 35
C--dtioa of:

- 60°7
29.92-. H 46, 000 m

All Velocities in fps

a•a2 = 58.90

C GV8o 1.42 lb/secV30 WAV'
I II

U = 561

S•G = 58.60

00 0
co 0 I-1.43 ]b/see

U = 561

N/v--= 50.o00 rpm

a 253,20
a2

v W V " 1. 76 lb/sec

U= 609

FIgurc 138. Inlet Vector Diagrams, RF-2.
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Corrected lo A2miet J es

60F
Co.ditions of:
29. 92 n. Hg NA/"= 50,000 rpm

All Velocities in fps

a =54*30

2
2

00 1.' i=72 Ib/see0•c • a

M 00

U- 609

12 =53.50

C12

4,Wa'O/&= 1.76 lb/sec
*4 0

II II

U -609

&95.20

NC12

r4,
o- WaVt/ QN 1. 83 lb/sec

-_--
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2L~h i In.T Ef 50.000rpma
AU Velocities in fps

a 2

qt7 LO 1.88 lb/sec

U - 609

a= 51.4I

0~~~1 W 18m92 -lb/sec

U =609

2 =50.30
@2

U =-609

Figure 141. kMl Vector Diagrams. ]W-2.
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Correoted to Ambient Test 3369A
Conditions of:

60*F
29.92 In. US 50,000rp

All Velocities in fps

a = 51.90"a2

• 'a2 u

Lr0. ;o6• WV-"78 = 8.8• U,/sec

U = 609

aX2 =51.10

a12

H 0_•,. • • •,• o. •, WV"/8 = 1.90 _le
504 a .9 b/sec

U = 609

Figure 142. Inlet Vector Diagrams, RF-2.
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Correoted to Ambient L est 3370A

Conditions of:60°F

29.92 In. L _I___= o 3_5,00
All Velocities in fps

iA

C1 2 =69.70

i' ;a2  708 WVN 6=0.76 lb/sec

U = 427

a2 =68.50
LO~

2 02,4 W:iO- =0. 79 lb/sec
m •"1-1,6,8 a

U = 427

a2 = 66.fG

0~ 2  0V 1,7=
WNFa 0.82 lb/sec

U = 427

Figure 143. Inlet Vector Diagrams, RF-2.
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Corrected to Ambient

Conditions of:

606F
29.92 In. Hg. N/--=40,0O0 --m

All Velocities in fps

o a 2 =5.10

a2. " " I• •€•" 8.7Wa4'/6 1. 01 lb/sec

U = 487

a 2  63.9

i .• if2o 62"9

2; .a = 104. lb/sec

U = 487

a 62.9w
Lo 2

0C9

U =487

Figure 144. Inlet Vector Diagrams, RF-2.
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~Ciotvaa to Ambient Test37oCondltans of' : - -
£08F

Veloclffes in fps

U 2 = 58. 30

a WN =/ 1.39 lb/see

II II• ' "

SU= 548

a 2 57.60

a% W 761. 41 b/se

U 548

Figure 145. Inlet Vector Diagrams, RF-2.
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CCorreoted to Ambient est 3370A
ConditiOns of:

606F

29.92 In. Hg

[tAll ies ,infps

a 2 = 51.90
a2

I1.86 lb/se c

U = 609

a2G = 51.40

W i • 1.88 lb/sec

U = 609

Figure 146. Inlet Vector Diagrams, RF-2.
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Corr.•ted ; Ambient Test 3353

Conditions of-: -

j 607
29.92.Hg In.9 46,000 rpm

All Velocities in fps N 4

M =1.127 a4 = 81.10 M = 1.173
4 4 -D

a41 1602. a 1.42 lb/sec

,,24VR 94a

"' 1582 4 V.,. = 1708
T44

M = 1.128 a4 = 81.10
V = 1602 a4  WVT8-/= 1.43 lb/sec

a M4 = 1.177
V = 249 = 1730

"V= 158 3  R4 0

VT4- 1709

SNA-850, 000 rpm

M = 1.198 a4 = 81.0o M = 1.189
4 V4V4  14 4  W V/3-1 = 1.76 lb/sec- 1744

a"VT= =1733 VR4 =273 
V 1722

Figure 147. Exit Vector Diagrams at 1.028 Radius Ratio, RF-2.
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Tet3353C

FT~i~5 4 000rpmn

- 1.173 = 81.10
-'1729 a4  WV-•/T= 1.72 lb/sec

a

= 1708 VR = 268 M4 1175

Vý = 1725

VT = 1704

= 1.177 = 81-- 1730 A- ' 8 .o 0T
10 4  WO7F/S = 1.76 lb/sec

a

-- 17 0 9 "- R 4 = 269
1 M = 1.217

Vý = 1770

V T4= 1746

- 1.189 a,, = 81. 00
-1744 a4  WV -8/ = 1.83 lb/sec

V =272
=1722N

(



NNAI'- 50, 000 rpm

M4 = 1.175 a4 = 80.90
Vý 1725 -: 4- W V'-0/8 = 1.97 lb/sec

a

-V R4 271 a

VT4= 17044

M = 1.217 a4 = 80.60
V -= 1770 /4 = 2.06 lb/see

.-_V 
R = 2 8 9

VT4= 1746 4

II

A}

Cr4 ___ _ _ __ __ _ _ _ _ _ _ _ _ _ _ _
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Coree•te to Ambient Tt3366
Conditions of:

60OF
29. 92 In. Hg N/ -- 50,000 rpm

All Veloc.*ties in fps

M = 1.184 a4 = 80.80

V 4/ =173 1.88 )b/sec

V =1714 VR4 = 76 4 .2

T4  
V4 = 17f

V = 172

M = 1.187 a 4 = 80.80

S1737 4 w -/ 8 = 1.92 lb/sec
4 a

V = 277M = 1.2
V 1715 4 174

T4  N

V = 172

M4= 1.8A a4 = 80.8

V4 =1737 a4 WaNi''/ 1. 93 lb/sec

•__V'R" --277

VT4 = 1715

Figure 148. Exit Vector Diagrams at 1 028 Radius Ratio, RF-2.
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Test 3369A

NAT~= 50, 000 rpm

".2 M = 1.208 a4  80.80

170 •1 w V'-a = 1.88 lb/secS, v.~ 278

VT4= 1728 
Vt4

ec

2 M = 1.206 a = 80.9
4I V8•4 WV \4/6 = 1.90 lb/sec

_V R 278

V T4= 1726

ic

2Z
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Corrected to Imbient
Conditions of:

60OF
29. 92In. Hg Tet 370A1

LCL

FN/VV= 35ý,000rpm

M =0. 912 M 4= 1. 024
V4  a 115= 80.70 ~ ~~=07 bscV 4 = 1379

11 -"V = 19~ a

V T=41170 V T= 1361

=80.791 M = 1.026

19 a4 V 07 =18
a4 112 0. 79 lb/sec V4 18

V =192

V T= 1176 R4  V =41363

M = 0. 925 M 4 1.016
4 a4 80.70 V = 13 67

Vý = 1199 0

193 Waxf-/S = 0.8.2 lb/sec

V Te= 1183 4V T= 1349

Figure 149. Exit Vector Diagrams at 1. 028 Radius Ratio, RF-2.
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N/,V-T=40,000 ivm NAWU 45, 000 rpm

a4 = 80.70

a 41 Wa V-•/= 1.01 lb/sec
VR4= 222

M = 1.123 a 4 = 80.80

Vý = 1566 a y

SVR= 250
V T4= 1546 114

a4 = 80.70

WVT/8 = 1.04 lb/sec

VR4= 222

M. = 1.122 a 4 = 80.80

V V =250

VT4 =1543

a4 = 80.80

WVF-/ = 1.08 lb/sec
a

VR4= 222



N/VV- 50,000 rpm

.0M 4= 1.214 a4  80.90

=1. 39 lb/s cc 4ý=15 a4  Wv/ = 1. 86 lb/sec

50 vT 172V R4280

,80 M 4= 1.208 a4 = 80. 90
4

WV75=1.41 lb/sec WVL/ 1.88 lb/sec

50 V T4 1725 v R 278

m3
l$
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CorroctedW Ambient All incidence values are with respect

Condittions of: I to the vane pressure surface| 60*F I NI.609P 
Test 33532 9.92n. Hg N/V•-= 46,000 rpmw VVd/S

1.43 lb/sec
-1. 42 lb/sec --

20 14,j - -

016~ 
10-- -- - -

10 I i!4 I p

14 8

0.8 1.0 1.2 1.4 1.6 1.8 0.8 1.0 1.2 1.4

Radius (in.) Radius (in.)

Test 3353 1
N/V'o-= 50,000 rpm "

16i~ -- - -- -1 10-------- -----

I Iv'l

1.76 Ib/se c

14 1

---- I, I 0 i i ,

0.8 1.0 1.2 1.4 1.6 1.8 0.8 1.0 1.2 1.4

Radius (in.) Radius (in.)

Figure 150. Inducer incidence, RF-2.
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Test 3353C -

N/V- 50, 000 rpm Test 3366A
.I N/VT'= 50, 0o 0 rm

WaV'8 WaI"/8
- 1.72 lb/sec 1.88 lb/sec

1.76 lb/sec 1.92 1b/sec
1.83 lb/sec 1.93 lb/sec

141Ii o 1,-Z
- Io- •

1.2 1.4 1.6 1.8 0.8 1.0 1.2 1.4 1.6 1.8

Radius (in.) Radius (iv.)

Test 3356A Test 3369A
N/V-= 50,000 rpm N/V•-O 50,000 rpm

1.97 lb/sec 1.88 lb/sec.
2.06 lb/sec -- 1.90 lb/sec

- m -

•0 I g.

I 1 ' '• :-- I-

I 4 I .
1.2 1.4 1.6 1.8 0.8 1.0 1.2 1.4 1.6 1.8

Radius (in.) Radius (in.)
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11A incide-nce values ar~e with respet

to the i a~ne pressure surface
Corw? tod tD AmbientI CytI~onas of: Test 3370A

tjb*F IT/Vr 3 5, 0 00 rpm2 6.,92 In. Xg waV-pa
-0.76 lb/sec

---0.19 lb/sec-- 0. 82 lb/sec32 
20301 
181

~26

"a 24 
1

L2 10.8 1.0 1.2 1.4
0.8 1.0 1.2 1.4 1.6 1.8 Radius (in.)

Radius (in.)

Test 3370AN

N/V-r 40,000 rpm WaVV/[Wa~1.01 lb/sec1. 04 lb/secL
1. 08 lb/sec

220 
12

20 
8

180

04 8 4- 
-

M 
0

0.8 1.0 1.2 1.4 1.6 1.8 0.8 1.0 1.2 1.4
Radius (in.) 

Radius (in.)
Figure 151. Inducer Incidenice, RF-2.
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I All incidence values are with respect II to the vane pressure surface

Test 3370AA_
NT'"= 35,000 rpm Test 3370A

WaVrS78 N/IV = 45, 000 rpm
0.76 lb/sec wI'W// 8
0.79 lb/sec 1.39 lb/sec

---- 0.82 lb/sec -- 1.41 lb/sec120

SI i
-__I I

-.. 1�0 .i10
0.8 1.0 1.2 1.4 1.6 1.8

2 1.4 1.6 1.8 Radius (in.)

Radius (in.) Test 3370A

Test 3370A N/VV-= 50,000 rpm
N/V"= 40,000 rpm WaVV/ 8

WaV-/8 1.86 lb/sec

1. 01 lb/se c 1. 88 lb/secl
1.04 lb/sec
1.08 lb/sec i I

"•12

--- _ I I I I---------- V ,• !o~ I

B I I -

.2 1.4 1.6 1.8 0.8 1.0 1.2 1.4 1.6 1.8

Radius (in.) Radius (in.)

51. Inducer Incidence, RF-2.
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Corrected~ toAmble 0.92 - ---------

Conditions of- .90:=-•I eo', 10.90 /\.
29.92 I. 8 I

9 0.86 -- Ehm-- -Test 3353

0.84 NAE-= 46, 000 rpm
aWVe/8= 1.42 lb/sec I

0.82

0 0 10 0.20
0.92

S0.90 - - --- -

00.88

0086 -S• / Test 3353
Sm0. 84 N,ý/= 46, 000 rpm

Pasg W it 9/ n.

i~~ 4978i= 1.43 ib/sec I

i 1o. 82

1.8880 0.10 0.20

20.92

0190

i•J~~1 0.88F --

0 0.86T est 3353
w 0. 84 NIV" = 50,000 rpm

SWa4V91 = 1,76 lb/sec
0.82f

0_ 0 .10 0.20
Passage Width (in.)

SFigure 153. Variation of Slip Factor Across Impeller Tip, RF-2.
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n ,, Test 3370A

N/VU
Corrected to Ambient 0 35,000 rpm

Conditions of: * 40,000 rpm
60*F 0 45,000 rpm

29.92 in. Hg 0 50,000 rpm
0.92 Exit Blade Width 0. 135 in.-

0.90

i0

0_

0.88

0.86

0 80.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Airflow, WaVy/8 ob/sec)

Figure 154. Variation of Average Slip Factor with Rotational Speed for
RF-2 Impeller with Reduced Blade Width.
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I Conditions of- _ _ _ _ _

2 9.92 in. Hg N/l-= 46,000 = I
a W-/= 1.42 Ib/sec

1.02

-- 1.00 -
100

O0.98
0.96

0.94

0. 92 

NI
0WH 0.90 2

--- "0.88 1.02

0 0.10 0.20 1.02_S 1.00
IN/'Vo-= 46,000 rpm 1 0.98

aIW- 1.43 lb/sec 4 0.98
1.02 

0.96

00

, 0 -0.94
10.980

P4 0.90

;1 0.94 
0.88

Passage Width (in.)
Figure 156. Variation of Temperature-Rise Factor Across Impeller Tip, RF-2.
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IN/-Vj:- 46,000 rpm
lW~[Vi/ = �.42 lb/sec

10

I Test 3353~

I-N/V'/ 50,000 rpm

W~78= 1.76 lb/sectWi I I '00 rp
1.02--

0.10 0.20 1
N 1.000.98-----

-0 I
__--- -- iiiNIV-=46, 000 rpm 1.10

IW-r6/8 1.43 Fb/sec .9

L0100.90------------------

Passage Width (in.)

i--- -[l

0.10 0.20

Passage Width (in.)
of Temperature-Rise Factor Across Impeller Tip, RF-2.
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3LI7

Corrected to Ambient 0 35,000 rpm
Condition. of. 0 40,000 rpm

606F 0 459 000 rpm
29.92 In. Hg 0 50,000 rpm

Exit Blade Width = 0.135 in.

0.986 1  1
• 0.96--------------------'

j0.94 -- ,,-
"I."-. - -. - .. - - -

0.92

S 0.90

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Airflow, wv'./a (1b/sec)

Figure 157. Variation of Average Temporature-Rise Factor with Rotational

Speed for RF-2 impeller with Reduced Blade Width.
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S~ Test 3370A
----- .I O N/ 0- = 40, 0 00 rpm4 

0 e NN/ 8-" = 35, 000 rp m[a• AN/IVOT = 45, 000 rpm-- 0-9 E• 0 = N •, 50, 000 rpm
__ •1.0 - --

H F

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Airflow, WqV//6 (lb/see)

NNt 9- 50,O000 rpm
i0 Test 3353 U Test 3366A

0 1.1 *Test 3353C ATest3369A
E0Test 3356A ATest3370A

S1.6 1L 8 2.0 2, 2
Airflow, WaV/O/6 (b/see)

Figure 159, Inlet Blockage Factor Versus Airflow, RF-2.
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6.2 DIFFUSERS

This section of the report presents vane-island diffuser data collected during
testing of the combined impeller-diffuser configuration. All data obthined were
reviewed for graphical presentation of complete performance for each diffuser.
Supplementary Static-pressure data are presented in Appendix MI.

6.2.1 Test Plan

The test plan for diffuser evaluation is presented in Table VI. The assessment
of performance was based on the following measurementp:

1) Static pressures in channels and vaneless and semivaneless spaces

2) Diffuser-throat total pressures

"3) Collector total temperature

4) Collector pressure

The instrumentation used for each test in the series is shown in Table IV (Section
5.0).

6..2.2 Configurations Tested

During the test series, 16 vane configurations were investigated. These con-
figurations are described in the following discussion.

v1

This configuration was used in the mechanical checkout of the test section and
was as shown Jn Figure 14. The vane thickness for checkout purposes was 0.230
inch, Instead of the design thickness of 0.180 inch shown in Table mI.

V1_1

This vane was the same as V1 except that the thickness was reduced to 0.200 inch.
Both Vi and V1-1 were run to establish impeller-tip clearances. Basic per-
formance data were recorded in both tests.
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V1-2

The V1-2 configuration was the same as V1-1 except that its thickness was
reduced further to 0.190 inch. Additional clearance and performance data were
collected.

V1-3

For this modifi-ation, the thickness of V1-2 was reduced to 0.183 inch, essen-
tially the design thickness. All other geometric parameters were the same as
"those shown in Figure 14.

V1-4

Because the airflow rate of V1-3 at design speed was lower than expected, it was
believed that the throat blockage was higher than that accounted for in the design.
For this reason, the throat height was increased by 6.9 percent. To maintain
a parallel-walled throat, the vane contour ahead of the throat was also modified.
The vane width was maintained at 0.183 inch.

V1-5

The V1-5 configuration was the third in the series aimed at determining the effect
of increased throat area, and was obtained by reworking the V1-4 vanes. The
throat height was increased by 4.6 percent; again the vane contour ahead of the
throat was modified to maintain a parallel-walled throat.

V1-6

The throat area of the V1-5 configuration was enlarged an additional 4.1 percent,
by increasing the throat height, to produce the V1-6 configuration. This modifica-
tion, the fourth in this series, also required a change in the vane contour ahead
of the throat. Figure 160 shows a comparison of the V1-3 and V1-6 configura-
tions. The V1-4 and V1-5 vanes lie between the contours shown in Figure 160.

V1-7

The V1-7 configuration was obtained by modify'Ing the V-6. A 10-degree wedge
was added to the diverging-channel wall at a 2:1 area ratio (see Figure 161). At
this point, the 2:1 area-ratio channel was followed by a constant area section
about 3 inches long. The test was aimed at determining the effect of changing
overall area ratio.
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V1-6

Figure 160. V1 Diffuser Vane Modifications.

V1-7

V1-1

Figure 161. V1 Diffuser Vane Modifications.

V1-8

A 5-degree wedge was added to the V1-6 configuration to obtain the V1-8 vanes.
This wedge, added to the diverging wall of the channel, started at 0. 500 inch
from the leading edge of the vane (see Figure 162) and produced an asymmetrical
channel with a divergence angle of 5 degrees. This test was rim to determine the
effect of changing divergence angle.

V1-9

The V1-9 configuration was the same as V1-8 except for a channel-divergence
angle of 8 degrees (shown in Figure 162).

V-l10

For this configuration the V1-9 vanes were modified to produce a symmetrical
channel divergence angle of 10 degrees (shown in Figure 162).
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Bleed Hole_1_

Figure 162. VI Diffuser Vane Modifications.

vi-i.__

The Vi-nl vane was a modification to VI-10 with a 10-degree asymmetricalchannel-divergence angle (shown in Figure 163). A 5-degree wedge was addedto the sxisting wedge, and the opposite wall was opened by 5 degrees.

Vl-12

This configuration was identical to V1-11, except that a slot was machined oneach side of the vane. This slot started at the middle of the throat and extendedto a point approximately 1/2 inch from the tip on the suction surface (shown inFigure 163). This slot was provided to bleed the boundary layer internally fromthe throat to the suction surface.

--- -- - - - - --"VI-II

Bleed Holes--lc.
V1-12 Bleed Slot 

=-

Figure 163. VI Diffuser Vane Modifications.

202

CONFIDENTIAL



CONFIDENTIAL
All of the preceding modifications were accomplished with one set of vanes,
the basic VI configuration.

V2

The V2 vane-island diffuser (shown in Figure 164ý required a new set of vanes.
This configuration had a symmetrical channel-diergence angle of 10 degrees.
The throat area was approximately the same as V1-4, but the vane width was
0.203 inch. Therefore, the required throat height for this configuration was
smaller than V1-4.

V2-_.

For this modification the throat area of V2 was enlarged by 9.8 percent by in-
creasing the throat height, which required a modification to the vane contour
ahead of the throat (shown in Figure 164).

V2-2

The V2-2 configuration had a throat area approximately equal to the throat area
of the V2 diffuser. However, the vane thickness was reduced to 0.158, which
required a larger throat height to maintain the desired throat area. The vane
contour ahead of the throat was modified as shown in Figure 164.

Figure 164. V2 Diffuser Vane and Modifications.
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External Bleed Tests

During the V1 test series, an attempt was made to reduce throat blockage by
bleeding the boundary layer. Two bleed tests were run with the VI-10 vanes
(Tests 3361 and 3362) - the first with 0.032-inch-diameter holes drilled through
the sideplates, and the second with the holes enlarged to 0.046 inch. The loca-
tion of the hole is shown in Figure 163. In addition, a bleed test was conducted
with the V1-11 vanes, using the same 0.046-inch-diameter holes as in VI-10
(Test 3363). A second test of VI-ll, with 0. 032-inch-diameter holes added, was
run to increase the amount of bleed (Test 3364). Hole locations for VI-1i are
shown in Figure 163.

6.2.3 Performance Measurements

Map Data

The curves of pressure ratio and efficiency versus airflow for representative
tests in the series are given in the Test Results section. The pressure ratio
shown is based on the numerically averaged collector pressure measurements,
and the adiabatic efficiency is based on the numerical average of the collector
temperatures.

Static-Pressure Measurements

The diffuser front and backplates were instrumented with 108 static-pressure
taps. The locations of these taps and the test data (corrected for ambient condi-
tions) are shown in Appendix III. In addition, significant test data are shown in
the Test Results section.

Temperature Rise

The temperature rise of the compressor versus airflow for each test in the
series is given in the Test Results section. The mean temperature rise and a
i1/2-percent band for various groupings of tests are also shown on these curves
for reference.

Diffuser-Throat Total Pressures

During this test series, measurements of the total pressure at the throat of the
diffuser were taken with 3-probe total-pressure rakes for some diffuser con-
figurations (see Table VI). Plots of diffuser throat total pressure versus diffuser
width for these tests are shown in the Test Results section.
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6.2.4 Test Results

Representative data for all diffuser tests in this series are presented. Supple-
nmentary static-pressure data for these tests are contained in Appendix 11.

I.
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Figure 179. Static-Pressure Variation in Diffuser.

224

CONFIDENTIAL



CONFIDENTIAL

0

+L

Conditions of:S60 *FI
629.92 jn jjg Data points are the average of the front and. 92 I rear cover readings.• m 1 2 01 

Test 3354

N/Vp =50,000 rpm

110 WaV#/8- - - -----
=1.78lb/see

9B = 1. 87 lb/sec
• A =1. 96 lb/sec

100

C,,A

•90

80

W 70
BCa

60

50-1.6 -1.2 -0.8 -0.4 0 0.4 0.8 1.2

Path Length, L (in.)
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Figure 181. Static-Pressure Variation in Diffuser.
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Figure 186. Static-Pressure Variation in Diffuser.
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Figure 187. Static-Pressure Variation in Diffuser.
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Figure 188. Static-Pressure Variation in Diffuser.
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Figure 189. Static-Pressure Variation in Diffuser.
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Figure 190. Static-Pressure Variation in Diffuser.
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Figure 191. Static-Pressure Variation in Diffuser.
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Figure 193. Static-Pressure Variation in Diffu er.
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Figure 194. Static-Pressure Variation in Diffuser.
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Figure 195. Static-Pressure Variation in Diffuser.
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Figure 196. Temperature Rise Versus Airflow.

241

CONFIDENTIAL



630

60
to 033542C
~ 60 - 4~A 33553B

A3353D

~620 E3355
0 335

1. 1.3185.92.

640 _ _ - - - - - - - - I
336

0 36

60

~ 6l0- 3366B

600

1.7 1.81.2021

Airflow, WaV~788 (b/sec)



.-. 
Test No.

S* 630 -A 3362V 3363
~~- 

• .•;• • -•E 
R 3364

-

_ A-600

2.0 2.1 1.9 2.0 2.1

-----.- - -_40 
- -6__

-- Test No.
S0'3369TsNo

--- 630 A n3369B

-- "-"'620

S610

S0

600 I
2.1 2.2 1.8 1.9 2.0

Airflow, WaV878 (ib/sec)

4

° 
5

i'



SCONFIDENTIAL17C - - - - " ____--____ -

1 ii Corrected to Ambient
Conditions of:

60OF 0.
-- -29.90 in. Hg10 

N/Vr= 50,000 rpm

.M4

0•1

/P /
° x~aIi ' 'I

= I re--/ 6 1.66 lb/secl

170

10 0.I10.00-0.0I

p24

10 4150

CONFIDENTIAL------

H H

C~ -

E- 10 E-10

;);4

W183lb/secE-13

120& 1.75 -1O E~L~ lb/secT 2,0
00. 1c 0.20 0 -0.10

Diffuser Width (in) Diffuser Width (in)
Figure 197. Diffuser-Throat Total Pressure Versus Width.

243

CONFIDENTIAL

Ig

.•I i1 •/ lt ll .•II/,! I, / l, .. . . .--f --- -- ..I I. f • -"



h 170

Test No. Corrected
Condit:

3 3353E60

w 160--- 29.92
R •43353D 10 F

S140

130

1• 1.77 lb/secj

- -. . - . ? 7170 170

160 160

.4-

~150 - 150

02o- - i 0

H3 HI.14

120 wV9-/6 = 1.87 1b/sec L 120
0.20 0 0.10 0.20 0

Diffuser Width (in)

a'

<1t



- - Corrected to Ambient Test No.
Conditions of: 0 PR3 3354B

60OFR
I 29.92 in. Hg [ P 4 3354A

NiVA = 50,000 rpm R

Izz, [ti

2 1 E)'
1.77 lb/sec K

170

S ,i i I _ _4/ '

0 0

102

.4A0 ____________ I _____

1.87 lb/se - Wv'-6 = 1. 94 lb/se_

.0 0.20 0 0.10 0.20

er Width (in) Diffuser Width (in)

16 7

ii-
Ip



170 CONFIDENTIAL
Corrected to Ambient T

-,Conditions of:

--- 29.92 in. Hg010 Q .. •]NY = 50,000 rpm
160 -N~C 6S

0;41- zzzz
10,

140 - - - - - - -

_ R

130 I R

WV_8"6 =1.80 lb/sec

120

0 /o

160 140-

00o0

130------------- -- 13-

,e- T WV -0/2 WF6= 1. 92 Ib/sec
140WVW6 = 1. 87 lb/sec 0120 _.L. I

0 0.10 0.20 0 0.10
Diffuser Width (in) Diffuser Width (in)

Figure 198. Diffuser-Throat Total Pressure Versus Width.

245

CONFIDENTIAL

SI°



STest No.17S73 3366B Corrected

Conditi

"PR4 3 36 6C I j 601
---- 29.921

P 5 3366D *IV 5

p4  ."%

S130

A 1201 1 1 W = 1.83 Ib/sec.

S II170 170 -

10 -60~i~

,J:r

H$ 130

'44

;4, 130 130
to 7 7 -:.1 •jo

0

01201 4 1L 1 --- 1201 -

_• O 00 0.10 0. 200
Diffuser Width (in,.)



Coriected to Ambient Test No.
- -4 ,,-- 1 Conditions of:

60OFI
29.92 in. Hg 0 P14 3369

NA/- = 50,000 rpm

oi l I

I p4

=1.83 lb/sec.

- i ~~~170 - - --

160

-- I p- -, I, .50

;4150-

141
i--- -3 --

1.86 !b/sec L 12 WV- = 1.91 lb/sec

10 0.20 0.10 0.20

Width (in.) Diffuser Width (in)

5__IN



CONFIDENTIAL

7.0 (C) EVAL.UATION OF TEST RESULTS (U)

The design methods and flow model thcories discussed in Reference I required
further test and analysis to help confirm these methods. The new impeller and
diffuser discussed in this section were designed with this in mind, and the infor-
mation presented in Reference 1 was used for the des,.-i of this new compressor.
The new compressor was tested, and the performance of each component was
measured using techniques similar to those used orn the previous components. In
addition, several impeller and diffuser modifications were tested. These studies
further contributed to the flow models and increased compressor performance
above that of the initial tests.

7.1 IMPELLER TESTS

The impeller investigation was conducted with the new impeller design RF-2,
described in Section 2. 1. Two modifications of the RF-2 were also tested. The
test results of the design configu',ation will be discusse., followed by an explana-
tion of the 2 modifications and test results.

The performance of the RF-2 was monitored in the same manner as that of the
RF-1 and the workhorse impellers; i.e., probes to measure total pressure, total
temperature and flow angle were installed at a radius ratio of about 1. 03. Static
pressure was also measured at the inlet and along the shroud.

7. 1. 1 Tests of the Design Configuration

Based on the earlier tests of the workhorse impeller, the design value of the slip
"factor for the RF-2 impeller was selected at 0.93. Introducing this value of slip
factor into the loss analysis described in Section 7 of Reference 1, the predicted
pressure ratio for the RF-2 impeller was 12.1:1. With an allowance of 3 percent
for disk friction and recirculaticn (tenperature-rise factor = 0.96), the predicted
impeller adiabatic efficiency was 84.6 percent.

The measured performance of the design configuration of the RF-2 impeller at
the design airflow of 2. 00 pounds per second was as follows:

Pressure Ratio 11.1:1

Adiabatic Efficiency 79.6%

The inducer incidence at the RMS radius for the design airflow was about +4
degrees. This incidence was calculated with respect to the pressure surface of
the blading, since the benching operation performed on the inducer leading edge
made the determination of the blade angle on the suction surface quite difficult.
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During the test evaluation of the impeller and diffuser design geometries, 4
separate diffuser throat area settings were used. This change in throat area
made it possible to determine the performance of the impeller over a wide ra. ge
of airflows. As shown in Figure 199a, the impeller pressure ratij was nearly
constant at 11.2:1 over an incidence range from +5 degrees to +8 cegrees (an
airflow range .from 1.81 pounds per second tr 1. 96 pounds per second). The
pressure ratio decreased as the incidence was increased beyond +8 dvgrees or
decreased below +5 degrees.

The impeller efficiency was constant at 79. 01 percent over a widei r'•e•:c.,
incidence angles, +2 degrees to +8 degrees (an airflow r.nge from t. ,.1
per second to 2.06 pounds per second) a. shown in Figure !29b. '$p 1ý •Zivt -1(fl
began to decrease when the inducer incidence was increased beyo'-, A .- , -,
This performance decrease with increasing incidence most likely ).,l.1.,, on.
an upstream shift of the separation poit in the inducer.

As shown in Figure 155,the test value of the slip factor was approximateLy 0.89.
Insertion of this value in the previously mentioned loss analysis resulted in a
predicted impeller pressure ratio of 11.0:1, which is within 1 percent of the
measured pressure ratio at the design point.

Effect of Probes on Impeller

The insertion of several probes into the flow passage at the impeller-tip survey
station had an adverse effect on the flow range of the compressor, as shown from
performance curves for Tests 3353, 3353A, and 3353B (Figure 166). Tests 2370
and 3370A, which were rum later in the program, also showed similar results
(Figures 57 and 176). In Test 3353, 2 total-pressure rakes, 1 traversing yaw
probe, and 1 traversing temperature probe were installed at the survey station-
The resulting influence on the compressor pressure ratio and airflow range was
considerable.

For Tests 3353B and 3370, all probes at the tip were removed. The influence of
1 traversing yaw probe can be identified by comparing Tests 3353B and 3353A,
while the influence of a single total-pressure rake can be seen by comparing Tests
3352B and 3353C and Tests 3370 and 3370A. Part of the adverse effects if the
probes on the compressor performance can be attributed to their in~fluevice on the
diffuser performance. Some effect, however, is felt upstream as far as the
inducer; this effect is demonstrated by the static-pressure rise along the shroud
in the inducer section from Tests 3353, 3353C and 3352C (Figures 95, 96 and
103). In these figures, each point on the curve represents the numerical average
of 3 equally spaced, circumferential static-pressure measurements unless the
maximum and minimum measurement, differed by more than 0.5 psi, in which
case the points were plotted separately. The inducer pressure fields are quite
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Corrected to Ambient EN/U= 50, 000 rpm!

Conditions of: Pressure ratios are based
60OF on ths mass-averaged

29. 92 In. Hg impeller-exit total pressure.

Impeller Diffuser
Test Blade Width Passage Width

0 3353 0. 180 in. 0. 183 in.
IS 3353C 0.180 in. 0. 183 in.

A 3356A 0.180 in. 0.183 in.
0 3366A 0.180 in. 0.203 in.
* 3369A 0.135 in. 0.158 in.
V 3370A 0. 135 in. 0. 158 in.
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10.8

10.41-

0 2.0 4.0 6.0 8.0 10.0
(a)

-o 84

80 __

76
0 2.0 4.0 6.0 8.0. 10.0

Incidence at RMS Radius (degrees)
(b)

Figure 199. Variation of Performance with Incidence, RF-2.
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different for the 3 cases compared; 4 tip p_.ubes (Test 3353), single tip probe
(Test 3353C), no tip probes (Test 335'&'r).

Because of this marked tnfluenc - of the probes on the flow within the impeller,
and because of the airflow range limitation, it was decided that further tests
would be conducted with only the single miniature total-pressure rake to monitor
impeller performance.. Therefore, flow-angle surveys and total-temperature
surveys were only obtained at 3 test points for Test 3353: 2 at 46, 000 rpm and 1
at 50, 000 rpm.

Mass-Averaged Impeller Data Analysis

Since the impeller-exit flow-angle and temperature measurements were limited
to only 3 data points, It was necessary to generate angle and temperature profiles
for the other test points, so that a quasi-mass-averaged pressure ratio could be
obtained. The influence of changes in airflow at a given rotational speed on the
quantitative level and shape of the angle profiles was observed during the RF-1
data analysis.

Changes in rotational speed also affected the profiles. These trends were used
in conjunction with the RF-2 data to generate profiles for all test points. The
RF-2 measured temperature profiles (Figures 62, 63 and 64) show that the
temperature is highest in the shroud region for both 46, 000 rpm and 50, 000 rpm,
and that the temperature gradient from the hub to the shroud increased as the
rotad ional speed was increased. The temperature profiles at speeds other than
46, C )0 and 50, 000 rpm were generated by assuming that the hub-to-shroud
gradv nt varied linearly with rotational speed. The level of the profile was
adjusted by using the collector temperature as a guide.

There was little change in either the level or the shape of the measured angle
profiles with rotational speed or airflow, as shown in Figures 90, 91 and 92. The
relative independence of the measured exit flow angles from rotational speed and
airflow was also evidenced during the testing program of the RF-1 impeller (see
Figure 263 in Reference 1). Therefore, for mass-averaging purposes, the
measured profiles from Test 3353 were used for all other tests with the same
diffuser passage depth (0. 183 inch). For other passage depths, the same profile
level with adaptations was used: (1) to match the minimum flow angle with the
maximum total pressure across the passage and (2) to adjust the angles near the
walls for the increased or decreased passage depth.

Discussion of Impeller Performance Trends

It is felt that the performance trends of the impeller, which were discussed
earlier in this section, require further explanation to clarify apparent
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discrepancies in the data. The mass-averaged pressure ratios for the various
tests are shown in Figure 61 as a function of airflow.

The impeller performancs at low airflow is represented by 4 data points: 1 for
Test 3353 and 3 for Test 3353C. The test rig geometry was identical for these 2
tests, but the tip instrumentation differed, as explained previously. The repre-
sentative curve of impeller performance shown in Figure 61 is drawn with a
positive slope, following the trend of the data from Tlest 3353C, since there was
less probe influence. The curve in this low-airflow region represents the impel-
ler performance with a probe installed at the tip. The diffuser-throat total
pressures obtained for tests without impeller-tip instrumentation indicate that the
impeller performance is constant in this region (Figure 200).

The peak pressures for the tests of tle narrow-blade-width configuration (Tests
3369A and 3370A) were nearly the same as those observed for the highest airflow
data point for Test 3353C. Therefore, the representative curve was drawn
through those points and continued to the highest airflow data point at 2.06
pounds per second (Figure 61). This leads one to ask why the mass-averaged
pressure ratio for Test 3366A lies about 2 percent below the curve, although the
peak values arr in line with the other data, as shown in Figure 61. This can be
explained by referring to Figures 67 and 75 where the measured total-pressure
profiles are presented !or Test 3353 and Test 3366A respectively. As the diffuser
passage depth was increased from 0.183 inch (Test 3353) to 0.203 inch (Test
3366A), the total-pressure profile became more peaked, as shown in Figure 201.
Through the mass-averaging procedure, this led to a lower pressure rattio by 2
percent.

The original front-cover geometry (0. 183-inch passage width) is compared with
the modified front cover (0. 203-inch passage width) in Figure 202. The small
change in shroud geometry may have affected the flow in the shroud region
through an alteration in the recirculation pattern or a local separation.

ý;aroud Static-Pressure Rise and Inducer Analysis

As in previous tests, the static-pressure rise along the shroud was used to
monitor 'changes in impeller performance. As shown by the data plotted in
Figure 102, the static pressure in the inducer section is about 0.5 psi below the
predicted level at the design airflow. This differeuce in pressure is mainly
attributable to the fact that the static pressure of the entering flow in the shroud
region is lower than the predicted level by 0.5 psi. For the design analysis, it
was assumed that the flow was rniform just upstream of the inducer inlet. This
assumption resulted in a constant static pressure from hub to shroud at the inlet
station. Due to the effects of the tapered inducer blades, the inlet flow migrates
toward the shroud and a negative radial static-pressure gradient results. For the
test point shown in Figure 102 at 1.98 pounds per second, the measured static-
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Nl/,'f= 50, 000 rpm

Test 3353; WaV" /8 = 1. 76 lb/see

Test 3366A; WaVO/8 = 1. 93 lb/sec:
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Figure 201. Comparison of Impeller-Exit Total Pressure, RF-2.
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Figure 202. Front-Cover Modification.

pressure gradient dps/dR was -0. 81 psi per inch, which results ih a static-
pressure difference of 0.33 psi between the flow at the RMS radius and the shroud
radius. This difference demonstrates that the average static pressure (RMS
radius) was within 0. 17 psi of the predicted level, although the flow at the shroud
was lower by 0.50 psi. The fact that the level of the static pressure along the
shroud is below the predicted values does not mean that the inducer was not
operating per the design analysis. When the actual inlet conditions are studied,
it is seen that the conditions at the tip of the inducer are not as predicted. In t
fact, the plots in Figure 102 show that the static-pressure rise is about the same
as that predicted for the first 1. 4 inches. The static pressure downstream of theI
1. 4-inch station levels off, indicating that the flow must have separated from the

blading in this region. When the design values of the relative total pressure and
temperature at the 1.4-inch station are used with the measured shroud static

pressure at that point (14.5 psia), the flow velocity is computed to be 675 fps. 'fI
this is interpreted as the average (midway between the blades) flow velocity in the
tip region, the velocity on the suction surface at this station can be obtained by
using the blade-to-blade solution from the design analysis. This solution gives a
suction-surface velocity of 803 fps and a relative Mach number of 0.72. For the
impeller-design loss analysis, the predicted relative Mach number at the separa-
tion point (M : 0.73), and therefore the relative Mach number of the jet flow at the

exit, shows good agreement with the previous solution. In addition, by using the
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"minimum shroud static pressure (11.55 psia) with the corresponding design values
of relative total pressure and temperature, the maximum average flow velocity
can be calculated. The resulting velocity was 985 fps. From this analysis the
separation velocity ratio of the average flow (V maximum)/ (Vseparation ) was

determinea to be 1.46. The velocity ratio used in the design loss analysis was
1.40. The close 'agreement between the assumed and calculated Mach number at
separation and the separation velocity ratio lends support to the loss analysis
presented in Section 7 of Reference 1.

To prevent the premature impeller choke experienced by the RF-1 and the work-
horse impellers, the RF-2 impeller was designed with lower inlet relative Mach
numbers and lower blade blockage in the inducer iniet region. As a result, the
choking airflow of RF-2 was 3.8 percent higher than the design, as shown by the
performance curve for Test 3356 in Figure 167.

Temperature-Rise Factor and Slip Factor

As mentioned previously in this section, the test value for the slip factor of the
RF-2 impeller was about 0. 89. This value is predicted by the modified form of
Eckert's equation. (As discussed in Section 7. 1 of Reference 1, the slip factur
predicted for the workhorse impeller using Eckert'c equation did not agree with
the test data.) The average temperature-rise factor for the RF-2 impeller at the
design airflow of 2. 00 pounds per second was 0.96. The temperature-rise factor
increased linearly as airflow decreased (the value at an airflow of 1.72 pounds
per second being about 0.01 higher than the value at the design airflow).

The difference between the compressor work, represented by the temperature-
rise factor, and the useful (Euler) work, represented b.-' the slip factor, is a
measure of the temperature rise resulding from disk friction and recirculation.
For the RF-2 impeller, this difference was 0.07, indicating that the maximum

possible impeller adiabatic efficiency was 93 percent.

The lowest slip factor is shown to be in the region of the walls (Figure 153). The
temperature-rise factor, on the other hand, increases almost linearly from the
hub to the shroud, with the values at the shroud near unity. Variation of the
differ'ence between these 2 parameters across the passage is shown in Figure 203.
Due to the trends discussed above, this difference, TRF-SF, is largest near the
walls (the largest difference at the shroud). This is as expected, due to the
influence of the clearance space on recirculation.

7.1.2 First Modification - Inducer Leading-Edge Sweep

For tests of the compressor with only the diffuser-throat total-pressure instru-
mentation installed in the airstream downstream of the impeller tip, it was
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Figure 203. Difference Between Temperature.-Eise Factor and Slip Factor, RF-2.
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observed that little change in the impeller pressure ratio occurred over an airflow
range of about 15 percent. Over this flow range, the inducer incidence varied by
nearly 7 degrees. Interpreting the total pressure of the core flow in the diffuser
throat as an indicator of impeller performance, the variation of the impeller
pressure ratio over the test airflow range is shown in Figure 200. This constant
performance suggested that a considerable portion of the inducer blading was
operating at an incidence-Mach number combination outside the separation-effects
boundary (Figure 377 of Reference 1). Since the incidence variation produced no
significant change in impeller performance, this also suggested that the inducer
was operating to the right of the separation-effects boundary, as shown in Figure
204 (line A-MA). If the inducer were forced to operate along line A-A, early
separation would take place along the suction surface. The separation point has a
marked influence on the impeller-exit mixing loss, as discussed in Section 7. 1 of
Reference 1. The impeller flow model argues that relative diffusion takes place
in the impeller passage up to th6 point of separation after which the flow continues
as a constant Mach number jet. The jet fills the passage as dictated by continuity

-- t

SSeparation-effects
Sboundary

Operating line for

2 B swept inducer

SA
Operating line for

Sunswept inducer
U B '

A!

Approach Mach Number
(Normal to Leading Edge)

Figure 204. Assumed Relationship Between the Inducer Operating Line and
the Separation-Effects Boundary.
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with the remaining area occupied by a wake. The exit mixing loss was shown, to
bN a function of the ratio of wake width to blade pitch. If the inducer operated in
a region along the line A-A' (Figure 204), the impeller loss would be greater than
expected.

It was planned, therefore, to sweep the inducer leading edge; this would reduce
the approach Mach number normal to the inducer leading edge and bring the
inducer operating line within the region of no separation effects for this blading
(Figure 204, line B-B'). The final leading-edge configuration was as shown in
Figure 55.

It was realized that the sweep would result in increased incidence on the blading.
One incremen in incidence is due to the sweep itself, as seen from the relation-
ship of incidence and sweep.

The expression is:
A I = sec e

where:

A i = increment in incidence (degrees)

i=• = incidence on unswept blading (degrees)

= sweep angle (degrees)

The second increment in incidence is due to the blade camber. By cutting back
the blade, the metal angle at the leading edge is reduced (becoming more a:ial).
The radial variation of incidence for the design airflow is shown in Figure 205.
In spite of the increased incidence, it was expected that the impeller performance
would improve due to the decrease in the inlet relative Mach number normal to the
blade leading edge if the incidence-Mach number condition was causing early sep-
aration in the inducer. The test results showed no change in impeller performance.
The overall compressor performance with the swept-leading-edge inducer installed
was nearly identical to that with the original inducer installed, as shown in Fig-
ure 60 (Test 3367 compared with Test 3366). This suggests that there was no
change in impeller performance. Two possibilities exist for explaining the lack of
improvement. First, the changes in the inlet Mach number and incidence normal
to the leading edge resulting from the sweep may not have brought the opcrating

line of the Inducer inside the region of no separation effects (Figure 206). A second
possibility is that the high Mach number flow and the ensuing shocks in the leading-
edge region of the blades did not affect the diffusion and, therefore, the separation
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Figure 205. Incidence Changes Due to Sweep and Cutback, RF-2.
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Figure 206. Assumed Relationship Between the Inducer Operating Line and the
Separation-Effects Boundary.
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point within the inducer (Figure 207). This test indicates that a swept inducer is
not effective for high subsoni-! designs with radial-element blading.

7.1.3 Second Modification- Impeller-Exit Blade Width Reduction

The design loss analysis of the RF-2 impeller had indicated that approximately 75
percent of the periphe.al area at the tip was occupied by low-energy wake fluid
( E = 0.75). The predicted loss in total pressure through the exit mixing process
was about 17 percent. The influence of e in determining the exit mixing loss is
illustrated in Figures 369 through 371 of Reference 1.

By adopting the constant Mach number-jet flow model described in Section 7.1
of Reference 1, it follows that by reducing the geometric area at the tip of the
impeller, the jet would occupy a larger percentage of the area. This area change
would result in a smaller value of e and a smaller loss through the mixing process.
To decrease the geometric area at the impeller tip, the blade width of the
impeller was reduced from 0.180 to 0.135 inch (Figure 56).

tIV
w Separation - effects

boundary

Operating line for
SB swept inducer

l A
0Operating line for
unswept inducer

qBta At

Approach Mach Number
(Normal to Leading Edge)

Figure 207. Assumed Relationship Between the Inducer Operating Line and the
Separation-Effects Boundary.
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Careful consideration had to be given to the resulting diffuser design, so that the
impeller performance improvement was nct nullified by a degradation in diffuser
performance. Two-dimensional diffuser tests conducted as part of this program
and reported in Appendix XL" of Reference 1 showed that it was possible to obtain
acceptable static-pressure recovery with a 0.25-throat-aspect-ratio diffuser.
The aspect ratio of the modified diffuser was 0.29. Therefore, a considerable
reduction in diffuser performance was not expected.

The flow model showed a decrease of e from 0.75 to 0.65 with this modification.
The parameter A , which is the tangent of the bulk-mean absolute flow angle at
the tip, also decreased. The net effect was a 4- to 5-percent improvement in
the impeller pressure ratio, provided the useful work of the impeller remained
constant. By changing f, the energy imparted to the air by the impeller will
also change, as discussed below.

Every known method for predicting the useful work (slip factor) of centrifugal
impellers incorporates the number of blades as one of the inputs (see References
3 and 4). Several of the methods are:

Busemann
1- vrC0'cosa

SF = 0.70 (3)
z

Stanitz

SF 1 - 0. 315[L-I sin
1.98 (4)

= 1 - 1 -- • (radial impeller, 0 = 1800)

zEckert (Modified)

1SF = 1+ TCOS 0 B2  (5)

i+S
2Z [I~ dRS\

where:

SF = impeller slip factor

"Z = number of.impellet blades
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8B angle between blade mean line and themeridional plane at the exit (for straight,
radial blades 0 B2 = 00)

d RMS = root mean square diameter at impeller inlet

Dtp = impeller-tip diameter
ti

Introducing the geometry of the RF-2 impeller into the above relationships gives:

Busemann

SF= 1 -(6)

z 0.
70

Stanitz

SF = 1 1.98(7)z
Eckert (Modified)

SF = (8)
1 1.39 Z

For the jet-flow model adopted for the analysis of the RF-2 impeller, the pitch of
the jet flow is (1 - i ) 2 -TR rather than 2 __R , as shown in Figure 208.

z z

Therefore, an equivalent number of blades Zeq can be introduced. This parame-
ter represents the number of blades required to produce the jet pitch if all
channels flowed full. The equivalent number of blades and the actual number of
blades are related by the expression

Z z (9)

eq 1

Substituting

SZ - 18 (RF-2 impeller)
It - •eq 1 - e

for Z in the previous slip factor equations, the relationships between slip factor
and e become:

i Bus emann
B m SF = 1 - 0.132(1 - )0.70 (10)
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2-rR

z

Jet WA

Figure 208. Jet-Wake Flow Model.

Stanitz

SF = 1 - 0.110 (1 -e) (11)
Eckert (Modified)

SF = 24.9 (12)
(28.0 - ir1

Therefore, for a given impeller, the slip factor is only a function of e ; and
d(SF)/de was determined as a function of c for the RF-2 impeller, as shown in
Figure 209. The average value of d(SF)/dc from the 3 methods listed above in the
region of interest (0.65 _• e • 0.75) is 0.12. This indicates that the predicted
decrease in e from 0.75 to 0.65 would result in a decrease in the slip factor of
0.012,
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The tes~t data showed that, at the design speed, the peak value of the exit total-
pressure profile as well as the mass-averaged total pressure were nearly the
same as those measured for the wider blade width (Figures 61 and 200). The
temperature-rise factor, however, decreased nearly 0.03. On the basis of the
slip factor argument, this decrease indicated that the recirculation effects were
also reduced.

To estimate the increase in impeller performance, the predicted change in t and
the corresponding change in slip factor were incorporated into an analysis with the
measured impeller pressure ratio and the predicted internal losses. The results
indicate that the exit mixing losses were reduced by about 3 percent; the pressure
ratio remained constant, although the useful work input was reduced by 1.3
percent. This loss reduction agreed favorably with the 4- to 5-percent improve-
ment predicted by the loss analysis. This agreement further substantiates the
impeller flow model and the exit mixing loss analysis.

0.20 . I I i I
- Stanitz

--- -- Modified Eckert -
Busemann

0.16 --- -

do -- Average Value of
0002--- d (SF)/df.in region

0. 1• ,r - -of interest.
d 6 ._

0.08 _ Region of

interest

0
0 0.5 0.6 0.7 0.8 0.9 1.0

--Width of Wake
Blade Pitch

Figure 209. Variation of Slip Factor with the Ratio of

Wake Width to Blade Pitch, RF-2.
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At the design speed, the performance of the narrow-blade-width impeller was:

Impeller Pressure Ratio = 11.2:1

Impeller Adiabatic Efficiency= 83%
The impeller effibiency was nearly constant at all speeds. At the low speeds the

diffuser limited the airflow, causing the inducer to operate at high incidence.

7.1.4 Discussion of Pressure Measurements

The 3 impellers tested with diffuser vanes installed (workhorse, RF-1 and RF-2)
were analyzed in the same manner to determine their performance; i.e., the
readings of the total-pressure rakes at a radius ratio of about 1. 03 were interpre-
ted as the total pressures after the exit mixing process had been completed. The
measured total-pressure profiles were a-,eraged to determine the pressure ratio
of each impeller. In comparing the performance of the RF-2 and the workhorse
impellers, several contradictory pieces of data were found to exist. The mass-
averaged pressure ratio of the workhorse impeller was 11. 6:1 (corrected for IGV
loss), while that of the RF-2 was 11.2:1. A comparison of the core total
pressures at the diffuser throat, however, indicated that the RF-2 impeller
delivered about 6 psi more pressure than the workhorse impeller (Figure 210).
The average static pressure at the 1.03 radius ratio was 3 psi higher for the RF-2
impeller than for the workhorse impeller (68 psia versus 65 psia). The design
absolute Mach numbers at the exit for both impellers were about 1. 27. Using the
ratio of the static to total pressures corresponding to a Mach number of 1.27, the
3-psi static-pressure difference gives an 8-psi difference in total pressure. This
cgrees quite favorably with the 6-psi total-pressure difference indicated by
readings at the throat.

If both the 1.03-radius-ratio and the diffuser-throat total pressures are accepted
as being correct, then the total-pressure recovery in the region between the 1.03
radius ratio and the diffuser-throat entrance must be about 7 percent higher for
the case of the RF-2 impeller. Since the vaneless space diffuser geometry is
essentially the same for both compressors, a large difference in loss would not be
expected. Of these 2 pieces of data, the readings taken at the 1.03 radius ratio
are more suspect because of the unsteady operating environment produced by the
jet-wake flow emanating from the impeller. The flow at the diffuser throat is
more steady; therefore, probe error is reduced. For these tests, the time-
averaged total pressure is measured; however, the true mass-averaged value is
in error. For example, the expression for the time-averaged absolute total
pressure at the impeller rim (prior to any mixing) is as follows:

(PTat - a (T (1 )J(T e) + P T) (13)
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The expression for (PTa) t - a assumes:

1) Zero through flow in the wake

2) Constant through-flow velocity in the jet

where:

P T = absolute total nressure
a

= ratio of wake width to blade pitch

and the subscript, t - a, refers to the time-averaged value.

Representative values for the different quantities involved in the above expression
are (PTa)jet = 205 psia; (PTawake =.175psia; e =0.75.

For this case (PTa)t - a 182 psia. The mass-averaged value of the total

pressure, consistent with the previously stated assumptions, is 205 psia. For
the representative case the total-pressure reading is about 11 percent low. At
the 1.03 radius ratio, some mixing has taken place and the error is not as large
as indicated by the example cited above. The 11-percent difference serves as an
upper limit on the probe error introduced by the pulsating flow. This simple flow
model, however, does not explain why a higher total pressure was indicated for
the workhorse impeller than for the RF-2 impeller. According to the impeller
flow model, the probes would see about the same type of pulsating flow in both
cases. If the probes indicated low pressures for the RF-2, they would also
indicate low for the workhorse. It is felt, nonetheless, that the wake-jet flow
pattern in proximity to the impeller tip introduces errors in the sense described
above into the total-pressure measurements obtained at the 1. 03 radius ratio.
The data suggest that for high-presssure-ratio impellers, where large separated
regions are common, the diffuser-throat core total pressure is a better indicator
of the impeller performance. The analysis of Dean and Senon (Reference 5) shows
that for impellers similar to the workhorse and the RF-2, the mixing process
might extend to a.radius ratio of 1. 08 (see Figure 399 in Reference 1). The loss
analysis using the test slip factor of 0.89, which was discussed in Section 7. 1.1,
predicted an impeller pressure ratio of 11. 0: 1. This agrees within 2 percent
with the core total pressure at the throat entrance (159 psia).

7.2 DIFFUSE-

In the centrifugal compressor, about half of the static-pressure rise occurs in
the t0iffuser. It Is therefore necessary to ensure that the diffuser operates as
efficiently as possible. To do this, the flow mechanismsAthrough the diffuser
must be understood and ways must be found to correct deficiencies.
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Initially, in the simple analytical flow model of the diffuser, it is considered that
flow through the vaneless and semivaneless spaces follows a modified log-spiral
curve to the diffuser throat. Generally, the vane thicknesses are also taken into
consideration, requiring a further modification to the log-spiral streamline shape
in the semivaneless space. The flow decelerates to subsonic velocities at the
throat entrance and further diffuses in the subsonic diffuser channel.

During the course of this program, it was found that the flow was quite different
from the flow in the above simple case. The flow does not diffuse by some simple
process, but in general, diffuses very little in the vaneless and semivaneless
spaces. When the flow leaves the impeller tip at a supersonic Mach number
(M = 1.0 to 1.3), the velocity remains nearly constant to some point near the
vane leading edge, where the supersonic flow is termLiated by a throat entry
shock. The entry shock decreases in strength from surge to maximum airflow.
Near maximum airflow the shock is weakest and curves into the diffuser throat
rather than being quite normal as is the case near surge. The characteristic
shape of the entry shock also changes for different diffuser models. In some
cases the shock appears to be of high strength like a single normal shock, and in
other cases, there are a series of weak shocks similar to the duck-shock system
shown by Neumann pnd Lustwerk (Reference 6).

Oil traces from earlier schlieren tests show evidence of secondary flow bleeding
the boundary layer from the suction surface. Therefore, the likelihood of
uniform boundary layer on the walls of the diffuser throat is small. In fact,
total-pressure surveys of the diffuser throat show a boundary-layer buildup on
the pressure surface and the diffuser side walls, suggesting that vhe auction
surface is nearly free of boundai7 layer. Subsonic flow follows the entry shock;
however, tests have shown that a lambda shock also occurs on the pressure
surface of the vane leading edge, indicating that the flow reaccelerates in this
r6gion. The strength of the lamLla shock changes from surge to maximum air-
flow, but in contrast to the entry shock, it is strongest at maximum airflow, as
would be expected from the change in incidence with increased airflow. There is
a possibility that the lambda shock separates the pressure-surface boundary
layer where maximum shock strength occurs.

In addition to the observed flow phenomena associated with these shocks, the
jet-wake mixing process from the impeller tip further complicates definition of
the flow. The radius ratio required to mix out the wakes can be estimated using
a study by Johnston and Dean (Reference 7).

With these different flow processes occurring in the diffuser, it is apparent that
a simple 1-dimensional flow model will not suffice to define the flow accurately.
The flow model put forth in Reference 1 shows the change in entry-shock strength
with airflow. The diffuser-channel static-pressure recovery is related to the
diffuser-throat blockage and Mach number upstream of the entry shock. The
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strengths of the lambda and the entry shocks previously were treated as a single
shock. Further analysis of data from the new diffuser model, V1, indicated that
these shocks should be treated separately, as shown in the discussions which
follow.

7.2.1 Diffuser Tests

The first tests of the new compressor were run with the V1 diffuser vanes. Test
results of the design configuration showed that overall compressor performance
was below expectations. Because test data also indicated that the previously
observed performance deficiencies with the RF-1, MF-1, and workhorse impel-
lers had been corrected, further investigations were concentrated on the diffuser.
It was believed that performance improvement could be obtained with reductions
in throat blockage, as shown earlier in Section 7.2 of Reference 1, or by
mod.fying channel-divergence angles. Analyses of test data were conducted to
determine the effects of upstream-shock Mach number and boundary-layer block-
age at the diffuser throat on diffuser-channel static-pressure recovery. The
matching of the impeller and diffuser was also studied to determine how the
diffuser static-pressure recovery could be improved.

Because the impeller and diffuser are tested together, it was possible to obtain
diffuser data for every impeller test run. Section 5. 0 shows details of the
diffuser static-pressure instrumentation. As shown in the following discussion
of compressor performance and as shown in Section 7.1, impeller performance
was nearly constant across the airflow range. Therefore, it was possible to re-
late changes in compressor performance to the particular diffuser under
investigation.

Decreased Clearance Tests

In initial tests of the compressor, checkout runs were necessary to reduce
impeller-tip clearance to the design value of 0.015 to 0.020 inch. The diffuser
throat area was larger than design for the first wide-clearance tests. Vane
width was reduced in 3 steps to reduce the clearance and bring the diffuser throat
area to the design value. Figure 165 shows the compressor speed line resulting
from each vane-width reduction. The speed line from Test 3352C (Figure 165)
shows compressor performance for the design configuration. The overall
compressor performance was less than expected, although consistent with the DI-2
diffuser shown in Reference 1 (Test 3310).

Probe Tests

Instrumentation was installed at the impeller tip and the diffuser throat to deter-
mine performance of both the impeller and diffuser; however, this instrumentation
was not used simultaneously at the impeller tip and the diffuser thl.uat.
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Figure 166 shows the effect of instrumentation on the overall compressor perfor-
mance. For Test 3353, complete impeller-fip instrumentation was installed, and
the overall pressure ratio was reduced more than 1/2 atmosphere. When all
probes except the yaw probe were removed, total pressure still was low despite
an airflow increase, as shown in Figure 166. The yaw probe was replaced with
a smaller total-pressure rake for Test 3353C, and both total pressure and air-
flow increased. The speed line from Test 3353D shows that a single total-pres-
sure rake installed in the diffuser throat did not affect the compressor pressure
ratio. For this test, maximum airflow was reduced as expected because of the
reduced effective flow area in 1 channel.

Increased Throat-Area Tests

Referring again to Figure 166, the design configuration did not pass the design
airflow of 2. 0 pounds per second; therefore, the diffuser throat area was
increased in 3 steps to reach design conditions and extend the airflow range until
the impeller reached maximum airflow. The resulting compressor speed lines
are compared with those from Test 3352C in Figure 167. The maximum airflow
was increased by 12 percent from Test 3352C to Test 3356. The compressor
showed essentially no change in pressure ratio as the airflow was increased,
which suggests that the impeller and diffuser performance were constant across
the entire airflow change. The maximum range achieved was 16 percent in Test
3355. For this test series, maximum airflow increased in proportion to the
throat area increase except in Test 3356, when the inducer section of the
impeller was choked at the full-flow line. The impeller performance was
expected to increase as the airflow was increased because of the reduced inducer-
flow-incidence angle. This performance change did not occur (Section 7. 1).
However, the impeller shroud static-pressure rise showed that the impeller was
performing close to design and that the compressor performance deficiency
largely was caused by the diffuser, as shown by the measured static-pressure
recovery.

Divergence Angle Tests

The Vi diffuser tested thus far was designed wiih a 10 degr(;e asymmetrical
divergence angle, as shown in Figure 14. It was planned that changes in diver-
gence angle and symmetry would be evaluated to determine the geometry for best
performance. The diffuser channel was modified into 3 configurations. Sketches
of each diffuser modification are shown in Figure 162, and results of these tests
are shown in Figure 169. The 10-degree asymmetrical channel was changed to
a 5-degree asymmetrical channel, and a 2-percent pressure-ratio reduction
resulted. This change in performance was found to be in agreement with the
single-channel diffuser data presented in Appendix XII of Referenoe 1. The
second channel modification was to increase the divergence angle to 8 degrees by
cutting a 3-degree wedge out of the vane suction surface. This test (3359) resulted
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in a small pressure-ratio increase over the 10-degree asymmetrical test (3356)
which was used as a base point. The vane suction surface was again modified to
increase the suction surface divergence to 5 degrees, and a 10-degree
symmetrical divergence angle and another small increase in pressure ratio
resulted. These channel modifications resulted in a 2-percent overall pressure-
ratio improvement; however, the channel static-pressure recovery was still
below the expected value. A complete analysis of the diffuser data was conducted
to determine ways of further improving performance.

7.2.2 Discussion of Data and Results

The diffuser test data from the workhorse tests showed a strong dependence of
diffuser-channel static-pressure recovery cn throat blockage and Mach number
upstream of the entry shock. VI was analyzed in the same manner as DI-1, DI-2
and DI-3 to determine diffuser performance and to establish whether a correlation
of data existed. The static-pressure ratio across the entry shock was determined
by using the test data shown in Appendix Ill. The average static pressure at the
throat exit was used for Py, and the lowest static pressure ahead of the shock was
used for Px (see Figures 177 through 195). The analysis method included
consideration of the strength of both the entry and downstream lambda shocks. It
should be noted that the entry-shock system of V1 appeared to be spread out
further along the streamlines than the entry-shock system of DI-1 or DI-2, where
the shock appeared to be more concentrated. However, for purposes of analyses,
the static-pressure rise was treated as a single shock, which appears to be valid
(as suggested in Reference 6, and in Reference 8,page 141). Mach numbers
upstream (Mx) and downstream (My) of the shock were found from the static-
pressure ratio. The throat total pressure (PT y) and blockage ( B)were determined,
where:

I - B = one-dimensional flow area (14)
geomutric throat area

The channel static-pressure recovery was found from:

-- collector -
(S

C Y (15)
p P PT - PS

y y

The channel static-pressure recovery with respect to blockage is presented in
Figure 211. Good agreement was found between the single-channel diffuser data
(Appendix XII of Reference 1) and the V1 diffuser data. The Mach number up-
stream of the entry shock is shown with respect to throat blockage in Figure 212.
These results showed trends similar to the results of the analysis for Mach
number and blockage presented in Section 7.2 of Reference 1.
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The good agreement was significant because prelininary analysis of this test
datg did not show high blockage factors (1-B) and high static-pressure recovery
(0.70 to 1. 0), as shown in Figure 211. Each test showed that the blockage factor
increased with airflow; however, the indicated throat total pressure from continui-
ty considerations apparently was reduced at a more rapid rate, resulting in
performance below the target. The strong dependence of static-pressure recovery
on blockage was'apparent. The indicated total pressure suggested that the
impeller perforrlance was reduced with an airflow increase or that an increased
pressure loss occurred in the vaneless and semivaneless spaces with increased
airflow.

S' 1.00---------------------_______ _

"" 0 
Test No.

-_ - e3352A
- 3352B
0 3352C
0 3354

-- 23355

----- - i 3356
0.92 03357

0- A 3358A
-A -3359

) *3362 Bleed
---- ---- ---- ---- -- 3363

M 0.84 ! . • G3365 In. Bleed

- - ~~ _*3367

I < * 6 d3368, 40,000 rpm
.80 4-,3368, 45,000

0.80 1 *3368, 50,000
- 3368, 51,850

Dat Inu P M & P 3369
076 t nptS S - *3370, 40,000 rpm

0.76 x y Cj-3370, 45,000

V3370, 51,850
- - - 3370 53,000

0.72 fT - 1, 4
1.0 1.1 1.2

Mach Number Ahead of Shock, Mx

Figure 212. Throat Blockage Factor Versus Mach Number Ahead of Shock.
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Total pressure data at the impeller tip and at the diffuser throat were analyzed
to determine changes with airflow, and total pressure at both locations was found
to be uniform within ý1 percent. Figure 213 shows the core total pressure
measured at the diffuser throat. These data show that the total pressure
measured at the diffuser throat is nearly constant with airflow; therefore, the
performance should increase (with improved static-pressure recovery) or the
calculated static-pressure recovery is in error and is actually much lower. The
calculated throat total pressure resulting from the preceding analysis (Figure 214)
was compared with measured throat total-pressure data (Figure 213). The data
scatter was found to be very large ($ 8percent from a mean curve fit), suggesting
that the impeller total pressure also drops rapidly with airflow.

There is no fundamental reason why the impeller total pressure should vary
strongly over this small airflow range, provided that the impeller passages are
not choked. Further, impeller performance might be expected to be inde.endent.
of the diffuser configuration; however, the opposite is reflected in Figure 215.
As the throat area was increased for some tests, the speed line moved toward
increased airflow, as was expected. But in each case, the indicated impeller
performance (determined bey diffuser-throat total pressure) dropped off rapidly
as maximum airflow (diffuser choke) was approached. Because total pressure
deduced from the analysis (Figure 215) is also much higher at surge than the
measured values shown in Figure 213, it is concluded that the analysis results
shown in Figures 214 and 215 are erroneous. It should be noted that the middle
points (line 5 measured on each speed line) do agree quite well with the measured
total-pressure data -hown in Figure 216. This observatlon leads to the question
of the validity of the remaining data at lines 3 and 7 (near surge and maximum
airflow, respectively). The relative positions of lines 3, 5 and 7 on a speed line
are shown in Figure 249.

At maximum airflow, it has been shown from the previous schlieren photographs
and static-pressure distributions presented in Reference 1 that flow in the throat
is highly 3-dimensional. In some cases, the shock curves back into the throat
and the lambda shock increases in strength, so that choosing the proper Px values
becomes difficult. Therefore, the line 7 analysis is subject to question. At surge
airflow, the case is less definitive, but the entry shock does move out ahead of the
entrance, as shown by the static-pressure distributions (see Section 6.2). This
shift may extend the shock into the impeller mixing region, where again selection
of Px may be difficult and total pressure may vary considerably over the length
of the extended shock.

Since the result of the above analysis had proven to be invalid, the diffuser was
reanalyzed using the measured static pressure and the total pressure at the
diffuser throat corrected for the shock losý. LIitially, only the tests with
measured total pressure at the diffuser throat were reanalyzed to determine throat
blockage, static-pressure recovery, and Mach number ahead of the entry shock.
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The resulting static-pressure recovery from this secoihd analysis clustered
around the single-channel diffuser data but did not show the previously observed
large spread between meximum and minimum values. Because this analysis
appeared to show better closure of the data, the remaining tests were analyzed in
a similar manner. Variation of the average core total pressure PTX (corrected
for the shock loss) with respect to airflow was determined, as shown in Figure
200 (page 252). This total-pressure curve was determined from 3 tests and was
believed acceptable provided that the impeller pressure output was linear with
airflow for various tests. To show the constant impeller output, the static
pressure along the impeller shroud is presented in Figures 104 through 112.
These figures show that the impeller static-pressure rise was nearly the same
for each test, and suggests that a single curve through the data is valid. In each
case, the static pressure was found to agree at a constant airflow (see Figure 217);
therefore, it was concluded that at, a given airflow, the impeller did perform the
same for different diffuser tests, and that the measured throat total pressure
could be used for all tests with the same impeller.

The throat total-pressure data with the mean curve used in the analysis and the
impeller-tip-core total pressure a-,e shown in Figure 200. The throat pressure
data were extrapolated to higher airflows using the impeller-tip pressures as a
guide.

The static-pressure recovery and throat blockage, therefore, could be calculated
for all tests. The results of this analysis are shown in Figure 218. Again
static-pressure recovery clusters around the 2-dimensional single-channel data
(Cp = 0.52); however, the spread is small compared to the first analysis shown
in Figure 211. The analysis with total pressure shows that the performance of
the impeller and diffuser changed very little for all tests, as reflected by the
overall compressor-performance speed lines shown in Section 6.2.

A comparison of the static-pressure recovery with respect to blockage for the
2 analyses shows that the results of the first analysis at line 5 agree quite well
w'Ach all of the calculated results from the second analysis (using measured throat
total pressure). However, the comparison again suggests that the line 3 and line
7 data of the first analysis may be in question.

The change in throat blockage with respect to the Mach number ahead of the entry
shock has less influence on the throat blockage than was shown in the first analy-
sis, Figure 219.

Therefore, it was necessary to investigate other causes of large throat blockage.
Distortion of the velocity profile at the diffuser throat (not considering the
boundary-layer displacement thickness near the walls) accounts for a large part
of the blockage, as will be shown below. The throat was divided into 9 areas with
a total-pressure measurement at the center of each area. The measured total
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Figure 217. Comparison of Static Pressure Along Shroud for 3 Tests, RF-2.
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pressures and static pressures were used along with the total-temperature meas-
urements to calculate the airflow in each area. The incremental airflows were
then summed to obtain the total calculated airflow. The ratio of the airflow
calculated by the above method to the airflow corresponding to the peak total
pressure shows the blockage due to velocity-profile distortion. The resulting
blockage was 5.5 percent. From overall continuity calculations, total blockage
for this data point was 14 percent. Therefore, the wall boundary layer must
account for the remaining 8.5 percent. Using flat-plate boundary-layer analysis,
S* was calculated to be near 0.006. If a symmetrical boundary layer is assumed,
the resulting blocking of 9 percent is very close to the above difference. There-
fore, the blockage from the velocity profile, combined with the boundary-layer

thickness, gives reasonable correlation with the blockage from the throat total-
pressure analysis.

Throat Blockage

From the data analysis, it was apparent that the throat blockage must be reduced
to increase the diffuser performance. Several methods under consideration to
reduce the blockage were to bleed the boundary layer at the throat and to change
the throat geometry. Further analysis suggested that these methods could be
effective.

Boundary-Layer Bleed - Because diffuser performance was shown to be depend-
ent on the throat blockage, boundary-layer bleed was considered as a possible
way to reduce blockage. Therefore, tests were conducted to determine if a small
bleed (1 to 2 percent) could substantially improve the static-pressure coefficient.
Analysis had shown that the collector pressure could be increased up to 11 psi if
the static-pressure recovery were increased from 0.52 to 0.70. Single-channel
diffuser data had shown that this target was a high but attainable value.

The total-pressure data measured at the diffuser throat suggested the nature of
the boundary layer. The core flow appeared to be T-shaped, spreading across
the upper portion of the passage as shown in Figure 220.

This boundary-layer shape was also suggested from schlieren photographs with
oil streaks on the side walls, which indicated that secondary flow was bleeding
the boundary layer on the suction surface and directing it toward the pressure
surface (Section 7.2 of Reference 1).

From these observations, it was expected that 1 set of bleed holes machined in
each channel throat near the pressure surface would result in a reduction in
throat blockage. For the initial bleed test, an 0. 032-inch-diameter hole was
drilled in both the front and the rear plates (Figure 221).
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F Suction Surface

CoreFlowSide Wall

Boundary Layer
Pressure Surface

Figure 220. Cross Section of Diffuser-Throat
Core Flow and Boundary Layer.

j Bleed Po r estr

Impeller Tip,'

Figure 221. Sketch of Diffuser with 0.032-Inch Bleed Port.
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Test No.
( 33520 No Bleed
A 3354 No Bleed

S3366 No Bleed
03361 0. 032-In. -Diameter Bleed Port
9 3362 0. 04 6o-In. -Diameter Bleed Port

1.0 4D 3363 0. 04 6-In. -Diameter Bleed Port
03364 0.032- & 0. 046-In. -Diameter Feed Ports

C, Line Nc.--*7

0.9

o 5/ 39

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Static-Pressure Recovery, CIp

Figure 222. Comparison of Static-Pressure Recovery for Bleed and Non-Bleed
Diffuser Tests.
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If a flow coefficient of 0.6 is assumed, 0.75 percent of the airflow was bled during
this test. A comparison of the compressor speed line with and without bleed is
shown in Figure 170. A small increase (+1 percent) in pressure ratio was ob-
tained with this bleed modification.

The bleed ports were increased to 0.046 inch dian. ,er in a second test to in-
crease the total bleed to 1.5 percent of the airflow. The compressor pressure
ratio was increased by 2 percent over the case without bleed; this was equivalent
to a 0. 045 increase in static-pressure recovery. The change in throat blockage
and the static-pressure recovery of the bleed and non-bleed tests are shown in
Figure 222.

Both bleed tests had resulted in an increase of the overall compressor total pres-
sure. A second bleed port was installed in the side walls (as shown in Figure
223) to increase the bleed and further reduce the throat blockage (Test 3364). The
results of the test showed that the compressor pressure ratio was again increased
(+0.1 atmosphere). A change in the channel geometry (Test 3363) prior to the

third bleed test (Test 3364) resulted in a slight improvement in overall com-
pressor pressure ratio, as shown in Figure 171; however 4 the pressure ratio
increase resulting from the additional bleed ports is probably more correctly
represented by the dashed curve shown in Figure 224. This test showed the
highest pressure ratio obtained thus far with th. new impeller and diffuser.

Further external bleed tests were not conducted; however, the results showed
that overall compressor performai.. improvement could be obtained from re-
duced throat blockage. The total pressure ratio was increased near),- ' percent
because of the estimated 2.7-percent airflow bleed.

•a o•,-Bleed Ports

I! eeo f-Pressure Surface

Suction Surface Sufc

i• ~Impeller Tip,

Figure 223. Sketch of Diffuser Showing Lccation of Second Bleed Port.
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iA3362 0.046-In. -Diameter Bleed Port,®oa 2 0 = 100 (Symnmetrical)

4 7.8
S3363 0.046-In. -Diameter Bleed Port,

20 = 10* (Asymmetrical)

7.4 Q 3364 0.032- & 0. 046-In. -Diameter Bleed
Ports, 20 = 10° (Asymmetrical)

7. 0I I T _I1.9 2.0 2.1

Airflow, WaVi /6 (lb/sec)

Figure 224. Pressure Ratio Versus Airflow.
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A second effect of the airflow bleed was that the overall compressor temperature
rise decreased with bleed. Figure 225 shows the comparison of temperature rise
for bleed and non-bleed tests with respect to airflow

It is reasoned that the bleed affects the pressure distribution outside the impeller
tip (Appendix III) and reduces the amount of reverse flow, which changes the
temperature-rise factor while the slip factor remains a constant. The tempera-
ture rise was reduced nearly 1.0 percent for the bleed tests.

The increased pressure ratio and reduced temperature rise resulted in an in-
crease in compressor performance that more than offset the percent of bleed air-
flow. For example, in a high-performance engine, where turbine cooling is re-
quired, it is suggested that this bleed air be used in the cooling process. In a
conventional engine cycle, this cooling bleed air to the turbine accounts for a loss
in the cycle. Bleed air could be drawn from the diffuser throat and be useful by
improving the compressor performance while cooling the turbine. The bleed tests
have also provided additional insight into the behavior of diffuser flow.

Examination of the static-pressure recovery with respect to blockage correlation
resulting from the throat total-pressure analysis of non-bleed tests shows that

640 640 • • Diffuser Depth 0. 183,inch

0-Nn-Bleed Tests

S630

9 620

BleedTests -

610

600
1.6 1.7 1.8 1.9 2.0 2.1

Airflow. WadV/8_ (lb/sec)

Figure 225. Comparison of Temperature Rise for

Bleed and Non-Bleed Tests.
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the static-pressure recovery is essentially constant for many cases. Several
tests are shown in Figure 222. In each case, the static-pressure recovery for
line 3 falls on the 2-dimensional channel-diffuser curve and lies above the curve
at lines 5 and 7. This trend suggests that the static-pressure recovery did not
increase with reduced blockage; this is opposite to the trend shown in data from
the 2-dimensional diffuser tests (Appendix XII of Reference 1). It was further
noted that all points from the boundary-layer bleed tests fell closely on the 2-
dimensional diffuser curve; i.e., for the bleed tests there was no drift toward
worse performance on going from line 3 toward line 7, as shown in Figure 222.
This difference in static-pressure recovery for the bleed and non-bleed tests
suggests that the effect of bleed was to pull line 5 and line 7 points onto the curve
on top of the line 3 point. The effect of bleed was significant at line 7 (near
maximum airflow) but was not significant at line 3 (near surge); this is the
reverse of what would be expected, since the blockage is maximum near surge
and the bleed should have been most effective at the maximum blockage point.
This difference suggests that the bleed ports may be affecting the lambda shock
at the vane leading edge. Figure 226 shows the lambda shock relative to the
bleed ports.

Examination of the pressure data shows a large increase in lambda shock
strength from surge toward maximum airflow. For example, in Test 3352C at
line 3, the recompression AP = 3 psi, and at line 7, the AP = 10 psi. These
pressures near line 7 suggest that the lambda shock may be strong enough to
separate the boundary layer on the pressure surface at the beginning of the
diverging section. The bleed ports may have thinned the boundary layer after
the lambda shock and eliminated the throat separation, which previously was
detrimental to static-pressure recovery of the diffuser.

Bleed Port Pressure Surface

S• ~Impeller Tip

Figure 226. Sketch of Lambda Shock Relative to Bleed Ports.
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Figure 227. DI-1 Channel Pressures at 2:1 Area Ratio.
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Total-pressure measurements in the diffuser channel of DI-1 at an area ratio of
2.0 also suggest that the flow is separated near the prqssure surface. Note the
drop in the total-pressure profile near the pressure surface (see Figure 227). It
is unlikely that the bleed ports affected the boundary layer over a large area.
However, there was a marked compressor improvement, showing the validity of
the bleed tests.

Throat Geometry - As discussed under boundary-layer bleed, the measured
total pressure at the throat and the schlieren-oil-trace photographs show that the
boundary layer in the diffuser throat is concentrated on the side walls (Figure
401 of Reference 1). The total-pressure profiles in the diffuser throat are shown
in Figure 228. These observations suggest that the throat blockage can be
reduced by increasingthe aspect ratio (depth/height) for a constant throat area.

Suction
Hub--Surface

Shroud

Figure 228. Diffuser-Throat Total-Pressure Profile.
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The profile is quite steep across the depth of the diffuser and is flat from the
suction to the pressure surface along midchannel. With the sharp drop in pres-
sure on the side walls, it is reasonable to assume that the boundary layer is con-
centrated on these walls, in contrast to the suction surface, which shows a rela-
tively flat total-pressure profile. To evaluate this concept, the diffuser was
modified to increase the throat depth and to reduce the throat height. The throat
depth was increased from 0.183 to 0.203 inch, which was the maximum change
that could be made to match the impeller-tip width. Test results of this modified
diffuser are shown in Figures 172 and 173. The pressure ratio was increased 0.1
atmosphere. Figure 172 shows a comparison of the test results for the reference
and modified diffusers based on the maximum airflow.

A third test (3369) was run later in the program at a reduced throat depth of
0.158 inch. A comparison of throat blockage for the 3 diffuser aspect ratios
(Figure 229) shows that the throat blockage decreased with increased throat
depth. The diffuser-throat area was nearly constant in each test. Considering
the dependence of static-pressure recovery on throat blockage, Figure 229 sug-.
g!sts that this relationship is not universal but could be correlated with diffuser-
throat geometry.

From Reneau (Reference 9), static-pressure-recovery maps were correlated for
different values of the parameter 2 6 * /W, where W is the throat height in the plane
of divergence. Reneau's experiments were 2-dimensional with no boundary layer
on the side walls; therefore, it is clear that the 2 6*/W parameter is valid. In the

92 0. 203 in.., > • 0. 18in

8 88

Diffuser Depth 0. 158 in.

O1 Test No.
S84 M 3354
0o 03366

80 ., I7 7
1.76 1.80 1.84 1.88 1.92 1.96 2.00

Airflow, Wart / (lb/sec)

Figure 229. Comparison of Blockage Factor Versus Airflow
for Various Diffuser Depths.

292

CONFIDENTIAL

__ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _



CONFIDENTIAL

2-dimensional diffuser for the compressor, however, the boundary layer is on
the opposite walls from Reneau's experiment. Therefore, the recovery should be
correlated against a parameter 2 A* /b where b is the diffuser depth (see Figure
416 of Reference 1). However, blockage may be as effective a parameter as
2 A 'b when correlated with diffuser-throat aspect ratio. It can be shown that

sage varies with aspect ratio (at constant 6 * on all walls) as:

B=2 6 * I+AR (16)

where:

B = blockage

* = displacement thickness

At = throat area

AR = aspect ratio = b/W

The blockage varies with respect to aspect ratio, as shown in Figure 230.

This trend suggests that an increased aspect ratio in the region of conventional
compressor design (up to 1.0) will reduce throat blockage and improve diffuser
recovery for the symmetrical boundary-layer case as well as the case with the
boundary layer concentrated on only 2 walls.

A second diffuser performance gain from increasing aspect ratio is also sug-
gested from the 2-dimensional diffuser data presented in Appendix XII of Refer-
ence 1. Aspect ratio is plotted against static-pressure recovery for all cases at
the same divergence angle (2 6 = 10 degrees) and L/W (L/W = 10) (Figure 231).
Complete curves cannot be shown because data are available at only 2 aspect
ratios (0.25 and 5.7).

The low-aspect-ratio data show better recovery than the high-aspect-ratio cases
at the same throat blockage. In addition, the recovery must be zero at an aspect
ratio of zero. These observations suggest that, for a constant throat blockage
and low aspect ratio (probably below 1.0), an increase in aspect ratio will result
in a substantial increase in static-pressure recovery and that further increase in
aspect ratio will finally result in a decrease in static-pressure recovery.

From the compressor tests run to evaluatethroat geometry (Tests 3366 and
3369), it has been shown that best static-pressure recovery occurs at an aspect
ratio greater than 0.25. A suggested shape of the complete curve is shown in
Figure 232.
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Aspect Ratio, AR

Figure 230. Blockage Versus Aspect Ratio.
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Figure 231. Static-Pressure Recovery Versus Aspect Ratio.
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0.4

-- 0 1.0 5.0

Aspect Ratio, AR

Figure 232. Suggested Trend of Static-Pre Recovery

Versus Aspect Ratio.

This crncept is extremely important to the diffuser designer, because the aspect
ratio must be selected with great care for best performance. It may also be true
that the aspect ratio for best performance will shift with chan&ing blockage and
channel geometry.

7.3 OVERALL COMPRESSOR

The impeller and diffusers discussed in the previous sections were tested to
obtain overall compressor maps. Figure 175 shows the compressor map with
the impeller at the design tip width. Figure 176 shows the compressor map for
the narrow-width impeller. The target-pressure ratio of 10:1 was obtained at an

--- efficiency of 72 percent. Somewhat higher efficiency was demonstrated at design
_• speed (50, 000 rpm). Airflow range up to 16 percent was demonstrated at pres-

sure ratios between 9.0 and 10.0: 1.

The impeller design techniques presented in Reference 1 appear to apply within
the scope of tests conducted for this program. The parameter X seems to pro-
vide guidance in designing the nose region of the inducer blading to prevent
separation of the flow at the leading edge. The low f designs, workhorse and
RF-2 impellers, had better performance than the RF-1 impeller with higher a.
Transonic inlet Mach numbers are associated with small-diameter, high-pres-
sure-ratio impeller designs. In this Mach number regimon ware must be taken
to insure that excessive overvelocities do not occur on the suction surface of the
blading near the leading edge. If the overvelocity is too large, the flow will
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separate at a high Mach number, and large exit mixing 'isses ensue. One of the
overvelocity-prediction methods presented in Section 7.1 of Reference 1 is used
to evaluate different blade shapes (nose shape, blade camber, blade thickness) at
the design incidence and Mach number. Duo Lo the effects of the adjacent blades
and the clearance space, the prediction methods do not prov.de a true quantitative
value for the overvelocity. It is felt, however, that the methods do provide a
basis for comparing the relative merits of various designs. Diffusion factor, an

axial-rotor loading parameter, should be used in the design of axial inducers.
Although little could be done to evaluate the effects of the blade-to-blade Coriolis
forces on inducer performance, it is believed that the axial inducer concept
presented in Reference 1 should be foUowed.

For the RF-2 impeller, the test data suggest that the flow separates from the
inducer blading at the predicted Mach number. Agreement was also obtained
between the calculated and measured impeller pressure ratio. These correla-
tions indicate the validity cf the flow model and los!' analysis presented in Section
7.1 of Reference 1.

Some additions can be made to the diffuser flow model presented in Reference 1.
In particular, the throat shape parameter (aspect ratio) was shown to have an
important influence on the diffuser design. Since static-pressure recovery peaks
with respect to aspect ratio, the proper selection of aspect ratio can be very
influential to the compressor performance. Runstadler's 2-dimensional data
also suggest that the peak performance with aspect ratio may shift with changes
in divergence angle or L/W. Therefore, attempts to increase aspect ratio (such
as an increased number of vanes) must be done with great care. Further basic
data would be helpful to the designer to map a complete diffuser operating range.

The static-pressure recovery was again shown to vary with throat blockage;
however, the change in blockage for the diffusers tested is not as great as
originally predicted from the analysis. The difference in predicted results
from the 2 diffuser analyses presented in this report shows the necessity of
accurately determining the pressures at the diffuser throat when blockage and
static-pressure recovery are to be determined.
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8.0 (C) CONCLUSIONS (U)

The results of this program have provided essential information for defining means
by which to achieve pressure ratios in the range of 10:1 at adiabatic efficiencies of
about 80 percent. AlthougP the targeted efficiency was not demonstrated in tests
of the overall compressor, several significant milestones were established, pro-
ducing new understanding of transonic flows in impellers and diffusers. In this
regard, the following major conclusion was reached:

There are no known fundamental reasons preventing the development of a high-
pressure-ratio centrifugal stage. Pressure ratios of about 10.6:1 were dem-
onstrated at efficiency levels that remained nearly the same as those at lower
pressure ratios. In reviewing earlier compressor programs of this type,
where large gains in pressure ratio were achieved (notably the modified T60
compressor described in Reference 1), 4 years of concentrated development
was required to raise efficiency to the 80 percent goal at a pressure ratio of
approximately 6:1. However, prior research, which produced an efficiency of
only 73 percent, was necessary as the starting point from which to identify
future program details. It is believed that the Army research program
described in this report now has advanced to the point where continued effort
will produce similarly rewa~iing results. In addition, the broader understand-
ing of impellers and diffusers which resulted from this program is considered
a stronger base for further development than was available in the earlier
program.

In reviewing program results, several detailed conclusions can be drawn from the
data presented in Sections 6. 0 and 7.0 of this report and Reference 1. Each item
listed below was considered a questionable or unknown quantity when the program
was planied. All are believed to be essential to successful development of high-
pressure-ratio single-stage centrifugal compressors.

1) An airflow range of up to 15 percent of full flow is possible at pressure ratios
between 9 and 10:1. In addition, impeller pressure ratio is nearly constant
with changing airflow across a speed line, despite an inducer incidence varia-
tion of about 6 degrees from full flow to surge.

2) Exit mixing of the jet and wake at the impeller tip contributes the largest share
of the over, I Impeller loss. Flow separation from the suction surface of the
impeller will produce jet flow along the pressure surface-the earlier this
separation, the larger the wake will be at the exit. It was shown that the
resulting loss in total pressure was a function of the exit wake width-to-blade
pitch ratio, which is dependent on the amount of relative diffusion which takes
place in the impeller up to the point of separation. The separation can be
related to inducer-entrance blade shape, Mach number, and flow conditionb by
a nose-shape raramneter, K , derived from airfoil theories. The value of the
airfoil analogy was demonstrated by the design and test of RF-2 discussed in
this report.
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3) At high-pressure-ratio conditions, an entry shock is located upstream of the

diffuser-vane leading edge. Primirily, the increase in static pressure in
the diffuser results from a combination of static-pressure rise across the
entry shock and through the channel. Little static-pressure rise takes place
in the vaneless and oeynivaneless spaces before the entry shock. The
strength of the shock is set by the continuity requirements in the subsonic
throat downstream of the entry shock and by the back-pressure in the
channel. As the compressor airflow is reduced from maximum airflow
toward surge at constant rpm, the shock strength is increased because the
diffuser-throat subsonic Mach number is reduced.

4) The channel static-pressure recovery is a function of diffuser-throat block-
age sna aspect ratio. Channel static-pressure recovery increases with
reduced diffuser-throat blockage. With increasing aspect ratio and constant
throat blockage, static-pressure recovery reaches a maximum and then
decreases. Best recovery at constant blockage appears to be a function of
diffuser geometry; i. e. , L/W and 2 0. For a given number of channels, an
increase in design airflow will result in a more favorable aspect ratio than
was required for the 2. 0 pounds per second selected for this program and
will also provide a lower blockage.

The performance of the impeller and diffuser are interrelated. The diffuser
width and hence the throat-aspect ratio are dependent upon the impeller-tip
width which must be kept small to minimize the impeller-exit mixing loss.
If the inducer is designed to extend the separation poinL toward the exit of
the passage, where the relative Mach number is lower, the impeller-tip
width can be designed wider while maintaining a constant wake-jet-width
ratio and a constant exit mixing loss. The result will be a more favorable
throat geometry and a diffuser performance gain.

5) There is no subsonic critical Mach number In 2-dimensional channel
diffusers, contrary to the literature reviewed. Static-pres ire recovery is
nearly constant with increasing throat Mach number up to 1.0. Reduction in
back pressure causes flow acceleration in the diverging channel, terminating

S~with a shock. However, static-pressure recovery deteriorates rapidly as
Mach numbers upstream of the channel shock reach the range of 1.1 to 1.2.

6) Boundary-layer bleed at the diffuser throat will increase the static-pressure
recovery of the channel, and reduced throat blockage will result. In a high-
performance-engine design, it may be possible to use the bleed air for
cooling in a high-temperature turbine.
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9.0 (C) RECOMMENDATIONS (U)

Data from the numerous tests run in this program have shown that the goals, as
originally established, can be met with continued research. Further, there are
no identifiable fundamental and technical reasons to prevent attainment of the
target. Although the efficiency goal of 80 percent was not achieved, the research
demonstrated tile application 3f fluid dynamic principles to the design of impellers
ard diffusers for high-pressure-ratio compressors. On separate runs, overall
pressure ratios in excess of 10:1 and airflow ranges of about 15 percent were
shown. Both are considered important background from which to devise a plan
for continuation of this work. In addition, the detailed studies shown in this
report will provide the basis for new investigations. An enlargement of these
studies is strongly recommended, with the ultimate goal of incorporating the

resulting centrifugal compressor into a small-gas-turbine engine.

9.1 (C) INDUCER INVESTIGATION (U)

The first step in an inducer program must be to continue ths investigation of nose
shapes and the related effects of inlet Mach number and incidence. The goal of
this program should be to increase the amount of possible relative diffusion in the
impeller and, therefore, to favorably influence the overall impeller and diffuser
performance. A portion of the study should be aimed at establishing best
possible diffusion within the geometrical blockage and fluid dynamic limitations,
and should be applied to the high subsonic and supersonic Mach number regimes.
Available knowledge of transonic wings should be applied as a first analytical
step. Analysis should include calculations of boundary-layer growth, the
transonic flow field, the influence of shocks, and the final boundary-layer state
at the beginning of the subsonic diffusion. The nose-shape parameter X should
be more thoroughly investigated, and inducer tests to evaluate analytical
predictions should be conducted. Combined with this investigation, studies
should be made to determine a useful methcd for predicting the point of separation
in the impeller. A program of this scope should result in a better understanding
of the limitations and potentials of the centrifugal compressor as applied to both
high- and low-pressure-ratio designs.

9.2 (C) IMPELLER-EXIT MI[NG (U)

The impeller-e.dt mixing loss analysis used in this program results from a
comprehensive theory of the loss makeup. However, more experimental
confirmation is necessazy to test the theory critically. An investigation of this
loss analysis, with an impeller designed to vary the discharge pattern, is
recommended. Total-pressure probes installed to measure the telative pressure
combined with hot wire instruments in the vaneless space should provide a good
view of the impeller-exit conditions. Discharge patterns in the impeller may be
varied by using screens installed at the impeller tip and by changing the impeller-
tip width. If the impeller wheel speeds are excessive for experimental work, ihe
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impeller could be designed for a closed-loop Freon system which would provide
high Mach number conditions at low wheel speeds.

9.3 (C) DIFFUSER (U)

It is recommended that investigations be continued to determine ways to reduce
the diffuser-throat blockage. As shown from the experiments of this program,
the static-pressure recovery of the diffuser channel varies directly with the
diffuser-throat blockage. Further effort should be directed toward the under-
standing of the effects of diffuser-throat geometry and channel geometry on the
diffuser-throat blockage. The throat geometry and blockage are also related to
the impeller-exit vaneless space geometry; therefore, this investigation might
be combined with the impeller-exit mixing studies.

Further effort should b3 directed toward single-channel diffuser tests to obtain
more basic data in the Mach number region of interest. These data should be
correlated with a diffuser aspect ratio and blockage or a parameter such as

2 6 */b in a manner similar to Reneau's incompressible diffuser studies but with
the boundary layer in the plane of divergence rather than on the diverging walls.

9.4 (C) CASCADE DIFFUSER (U)

This program was primarily directed toward investigation of channel-type
diffusers. It is recommended that a study be conducted to evaluate cascade
diffusers at similar Mach number levels. This type of diffuser has shown
promise at subsonic entrance Mach numbers; however, no work was found in the
literature for cascade diffusers at supersonic entrance Mach numbers. Limited
cascade tests were conducted at entrance Mach number levels up to 1.3 during
this program; however, a thorough evaluation of the cascade was not conducted.
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(U) APPENDIX I
IMPELLER STRESS AND VIBRATION ANALYSIS

Analysis of the RF-2 inducer-impeller showed that the design is satisfactory for
operation within the proposed test range (page 315). If operation outside this
range for prolonged periods will be necessary, a bench test to check the accuracy
of the blade frequencies shown in Figure 238 is recommended. In this case,
special attention should be given to vibratory conditions around 41, 000 and
52,500 rpm.

In addition to the usual stress and vibration analyses outlined in Appendix I1 of
Reference 1, a Boeing-developed triaxial stress and deflection program was
used. The program employs a finite element idealization of the impeller blade
and disk, in conjunction with the direct-stiffness method, to determine the 3-
dimensional elastic deflections and stresses. The results provide design
information which is essential to the optimization of bore-pilot length and
position. Running clearances for the blade may also be estimated from the
deflections obtained. I
The results in Figure 243 show Mises-Hencky stresses which have been derived

from the triaxial-stress distribution according to the following formula:

SM-H = 0.707 iJ( x - r ) + (or -ra0 ) + ( 0- ax) + 3,xr (17)

where:

= axial normal stress (psi)
x

r = radial normal stress (psi)

or, = tangential normal stress (psi)

T r = shear stress in the x-r plane (psi)

The stresses were calculated at the centroid of a finite element in the cylindriual-
coordinate system as shown in Figure 233.

The stresses described above and the deflections shown in Figure 244 were based
on the assumption that the material has remained elastic. It was necessary to
modify this assumption after the part was proof-spun, based on results of
previous tests with similar impellers. Proof-spinning induces a considerable
compressive prestress in the bore of an impeller, and subsequent running of the
impeller at design speed does not produce the same stress distribution. The
effect is to reduce the bore stresses shown in Figure 243 by an amount
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Figure 233. Coordinate System for Triaxi.al-Stress
and Deflection Analysis.

proportional to the compressive prestress. Because the prestress, in effect,
increases the elastic range of the impeller, the predicted operating deflections
were expected to be quite accurate.

The calculated minimum safety factors for stead3 -state operation at 50, 000 rpm
and an impeller inlet temperature of 607F are as follows:

1) Blade safety factor is 1.21 to minimum 0.2-percent yield stress (including
E12,000-psi vibratory stress).

2) Disk safety factors are 1.75 to minimum 0.2-percent yield stress and 1.97
to minimum ultimate stress,

The calculated minimum safety factors for momentary operation at 55,000 rpm
(10-percent overspeed) and an impeller inlet temperature of 60OF are as follows:

1) Blade safety factor is 1.28 to minimum 0.2-percent yield stress (not including
the above h12, 000-psi vibratory stress).

2) Disk safety factors are 1.45 to minimum 0.2-percent yield stress and 1.63 to
! " minimum ultimate stress.

The weight of the inducer-impeller is 7.64 pounds, and the mass moment of
inertia is 0.106 lb-in. -sec 2 .

Figures 234 through 244 present the results of stress and vibration analyses for
the P.F-2 inducer-impeller.
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Figure 234. Disk and Blade Profile of RF-2 Impeller.
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Computer Input Data: Computer Output Data:
Title:

ItF-21nducer Blade Natural Frequencies Mode No Frequency, CPS
S1 1,950

Number Material Const. Blade Number Required 2 5,160

of Density Modulus Profile of Nodes Number 3 5,870
Drawing of at of 4Elasticity General Modes
Stations E Z Station 5

l/in 3 psi
12 0.16 16.000.000 Linear 5 3

Information from Drawing: 
tation 1

Station Axial Tip Root Inci- Ha
Nc. Distance Radius Radius nation Thick- Thick-

Z r~ r a ness ness
r r r a t t t,. t

, in. in. in. Degree in. in.

1 0.0 1.800 0.813 0.00.04450.06341

2 0.120 1 0.819 4.78 0.0439 0.0630t
S 0300 - 0.829 11.60 0.0425 0.0622

4 0.500 0.839 18.59 0.0408 0.0612
5, 0.700 0.850 24.87 0.0388 0. 0600' I r r r t

6 0.900 0.860 30.32 0.0367 0.0588
7 .1100 0.871 34.88 0.034 0.0576ion -A
8 1.300 0.881 38.53 0.0329 0.0566
9 1.500 0.892 41.27 0.031610.0559 ~tation I

10 1.700 0.902 43.10 0.0307 0.0553

11 1.900 0.913 44.03 0.0304 0.0550
12 2.00( 1.800 0.918 44.15 0.0200 0.0550

- , - - I.- - -/

12 Required NumbLr of Node Distances

Z Distances for Node Stations, (in.)
0.00 [ 0.10 1 0.20 0 0.40 19 .60 1 0.80 1.00 1 1.20 1.40 1.60
1.80 [ 2.00 1 11 1

Figure 236. Natural Frequencies of RF-2 Inducer Blades.
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Computer Input Data: Computer Output DIta:
Title:

RF-2 Impeller Blade Natural Frecuencies Mode No Frequcncy (Cps)

Mater I_____ C 1 3,350
Number Material Const. l d um e Re ir d2 0.2i]0NubrIBlade Number Required2 ,6

of Density .Moduilus Profile of Nodes Number 3 10.1000
Drawing ef at of 4
Stations Elasticity General Modes

E Z Station 5

l n3  
psi

12 0. 16 16,000,000 Liner 5 S 1

Information from Drawing: ___'-S ____n

Station Axial Tip Root Inicli- Tip Root
No. )istancc Radius Radius nation Thick- Thick-

Sr R a ness ness t
t| trIt'/

in. in. in. Degree in. in.

12 2.000 1.800 0.918 0. 0.020 0.055

13 2.200 1.810 0.932 0.025 0.055 r
14 2.430 1.839 0.958 0.030 0.055
15 2.640 1.920 1.020 0.030 0.035
16 2.860 2.051 1.108 0.030 0.055 r r r rrt
17 3.100 2.330 1.270 0.030 0.055 _____

18 3.290 2.711 1.431 0.030 0.055 1 Section A-A
19 3.500 3.440 1.700 0.030 0.055 Station 1
20 3.720 4.316 2.313 0.030 0.055
21 U.780 4.540 2.851 0.030 0.055 A
22 3.900 4.570 4.070 0. 0.045 0.055 z
23 3.959 4.570 4,570 0. 0.055 0.055

13 Required Number o1 Node Distances

Z Di"'ances for Node Stations, in. I
0.0 1 0.100 1 0.200 1 0.400 1 0, 600 0.800 1 .~j 1.00 -200 1.400 1 1.600
1800 1oo.900 1 1o969 1 1 1

Figure 237. Natural Frequencies of RF-2 Impeller Blades.
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Figure 238. Campbell Diagram for RF-2.
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Radi.a Flow i•alde Root Stress, Forx,;/in.. Welght/in., and Mass Moment of In.ntlia/in.

Material: Titaniumn, 6,•14V
Speed, N - 50,000 rpm rMenblty, • 0. l•,0 lb In. 3

t r t
r

Made Station No. I 7 12 14 18 20 22

Computer Input

rt; in. 1.800 1. b00 1.boo 1.639 2.711 4.316 4.570

"2 rr in. ').t13 0.871 0.918 0.95S 1.431 2.313 4.070

3 tt in. 0.044, 0.0346 0.020 0.030 0.030 0.030 0.0454

4 r in. 0.0634 0.0576 0.055 0,055 0.055 0.055 0.(155

Computer Output

1 I" lb/in. 773 631 485 577 1,240 3,110 1,230

2 lb/in.
2  

12,200 11,000 8,820 10,300 22,600 56,6W. 22,40
3 1x104 1,)-|ýn. 5C'

in. 0.378 0.311 0.237 0.295 0.939 3.76 1.')4

4 W' x 102 lb/in. 0.852 0.685 0.529 0.599 0.870 1.36 102

Figure 239. Blade Stress Calculations for RF-2.
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C <Its = n . c60 x 10 - lb -in .- s ee- -C -F = 1,290 lb -

S2.o •2, 000 -Wt. 1.42 x10- lbsr II
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r'gure 240. RF-2 Impeller-Blade Force, Weight, and Inertia.
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Figure 241. Blade-Root Stress, Temperature, and Safety Factor for RF-2.
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Disk Tangential Porce, Cross Sectionail \rcJ, Weight,

Mass Monjent of Inertia, and -.dlure Loads

N1verLU: TItu'dumn, GAI-4V I = 2.16x 10"41b-in. -se 
2

SpeW, . - 50,000rpm Fsr - 2,26utb

Nmnber oi Blades. n = 18 WV's 1.52 x l02 Ib Density, ). 0.160

Failucc Stress 0.21 Yleld Failure Stress l1tiMate

mcnt. 
I---'-t-'

I. in. in. In. in.; -F psi *F psi

1 4.485 40.17, 0.09 0.015 395 83,000 395 96.000

2 4.500 I 0.20 0.16 0.032 , 38G 8300' 38G 96.500

3 4.100) 0.21 0.042 377 b4, (WO 377 97,000

4 3.900 0.28 0.056 367 4, 000 367 97,200

5 3.700 0.33 0.066 357 b5,000 357 98.000

Ii 3.500 0.39 v.07h 349 5.1 100 349 96,100

7 %300 0 45 0.091 _39 b5,900 339 98 MIO

. s.l.0 0.50 0.100 330 b6,300 330 99,100

9 2.S00 0.56 0..121 321 67,000 "d 321 99,oQO

10 2.700 0.61 0.122 . 312 87,500 , 312 100,000

11 2.500 0.67 0.134 _ 302 b8, 100 302 100.800 B.
- _1_12 2.300 0.7 0._29 900 - - 293 101,000 8_0

13 2 0 I __O 0.82 .. 164 283 h9,500 2h3 3 01,800

14 1.900 0.96 0.192 272 90,100 272 102.300

15 %.700 1.14 0.228 262 91.000 262 103.000

16 '.500 1.3- 0.268 251 92,000 251 103,700

17 1.300 1.53 0.306 1 240 92,900 240 104,200

- 1.10o) 1.84 0.30, 229 93,91OO 229 105,000t

9 0.900 2.70 0.540 213 95,00uo 121 106,900

21 0.550 ,.10 -. jv 0.290 lt0O 98,300 18 108,500

._%_t_ 7.bf, In. - 5s6,3001b I ,fu6o00

S..o 321,600 Io S * Failure Stress at Temperature, T.
is 12,900 lb -t-

1' 334,500 lb o

qv -F f y, F t 1 .7 5

q/u ý F ju•-- F tw 1.97"tan tw td 
42,60 0 p i. 

--

_ _ _ _ _ _ ___L__• 
_

, .n - Average Tangential Disk Stress

Figure 242. Disk Calculations for RF-2 Impeller.
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Figure 243. Predicted Impeller Disk Stress Distribution Before Proof-Spin.
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in.
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0.0021
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0
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Figure 244. Predicted Impeller Deflection Before Proof-Spin.
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(U) APPENDIX II

MECHANICAL DESIGN ANALYSIS

1. 0 INTRODUCTION

A modification to the diffuser test rig was required to evaluate a 2-piece impeller-
inducer rotor. The new impeller-inducer design required a new inlet, shroud,
and diffu;er for the diffuser test rig. This appendix presents the design analysis
for this test-rig modification.

2.0 DIFFUSER TEST SECTION

The reasign of the 2-piece impellcr test rig was an adaptation of the diffuser test
rig. The rotor system was identical to the diffuser test rig (Reference 1) except
for a longer and lighter weight impeller. The length of the RF-2 ..- 1peller is 4.8
inches compared to the 4.2-inch length of the workhorse impeller. The weight
of the RF-2 impeller is 7.46 pounds, while the workhorse impeller weighed 13.0
poulds. The maximum speed requirement remained at 55,000 rpm. Design
operating temperatures ranged from ambient at the infet to 750*F at the diffuser
exit. The unit was designed to operate at various back pressures and at a number
of constant-speed increments from 33,000 through 55,000 rpm. Instrumentation
was provided for measurement of static and total pressures and total temper-
atures. The schlieren window installation was redesigned for the RF-2 test rig.
The windows were never installed, however, since the schlieren system was not
utilized for the tests covered by this report.

The configuration was a cantilevered rotor system with the shaft passing through
the impeller. All bearing supports were flexible to provide versatility in
controlling the critical speeds to be encountered. Thrust loads from the high
pressure at the impeller backface were counteracted by a balance disk on the
opposite end of the shaft from the impeller.

2.1 BEARING SYSTEM

The rotor system was designed as a stiff-shaft assembly, supported by 2 hydro-
dynamic floating-sleeve bearings. A titanium impeller was precision fitted to the
shaft. In a similar manner, a thrust-balance disk was attached to the aft or
coupling end of the shaft. Thrust load was carried in both the forward and aft
directions by hydrodynamic slipper bearings. A damped, resilient support for
the forward radial bearing was incorporated during tht previously reported
operational development of the unit to accommodate radial loads caused by shaft
vibration. The reverse-thrust slipper bearing was capable of carrying both
radial and thrust loads in a 3-bearing rotor system. Except for the new impeller,
the rotor system is identical to the diffuser rig rotor system shown in Figure 54
of Volume 11 of Reference 1.
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Hydrodynamic full-floating journal bearings were usLA as the main support for the
rotor system. The design and operating clmract&ristics of the full-floating
journal bearings are discussed in Appendix EIl of Reference 1.

2.2 ROTOR DYNAMICS ANALYSIS

As with analyses of the previous configurations, the critical speed of synchronous-
whirl and the respective "-ode shapes were determined using a mathematical
model consisting of 10 mass points and 8 coincident hinged joints with rotationai
springs.

The i esults of the rotor analysis, showing variation in the critical speeds as a
function of bearing stiffness, Tn, are represented in Figure 245 with the corres-
ponding mode shapes shown in Figure 246. The first and second critical speeds
were noted to be essentially non-bending modes at K values up to 100,000
pounds per inch and to be at speeds below 20, 000 rpm. Operational experience
with the previous diffuser test rig indicated that these modes were not trouble-
some and that the shaft displacement resulting from them was easily accom-
modated by the clearance of the journal bearings. The third critical, however,
was the first bending mode and was noted to occur at 53,000 to 60,000 rpm for
the expected bearing-system stiffness. This calculated critical speed was about
100 rpm higher than the previous diffuser test rig rotor. The third critical
speed, therefore, was considered to be unchanged by the new 2-piece configura-
tion, and the modified rotor system was projected to have the same dynamic-
operating characteristics as the previous diffuser test rig.

2.3 DIFFUSER AND COLLECTOR BOLT STRESS

The bolt stress for the diffuser clamping bolts was calculated for a maximum
pressure of 145 psig on the total area of the diffuser plates. This assumption was
for the case of collector pressure applied over the full area between the diffuser
pltes, including the diffuser islands.

Separating force:

2 2P=pA=145(r 2 -rl2)?r

-(12. (1.8)2 3.14 69,500 lb

Load per bolt:

P/Bolt 3 69.00 = 2,300 lb
30
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Figure 245. Bearing Stiffness Versus Rotor Speed.I
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+10. Tn =3.0 lb-sec
T 3 .-

0 - Mode Shape
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See Reference 1 (Section 2.4 and
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Figure 246. Shaft Mode Shapes.
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Bolt stress for 1/4-inch bolts:

P 2300 2300
A - D2 =0.0371 - 2,000 psi (19)

where a is the average stress for 30 bolts.

For the case of 145 psig pressure applied to only the diffaser passages and shroud
anmiulus areas:

= 2 21
Total area = Y [r2 r I + (number of passages) (area per passag3)

- 1(5.1)2_ (1.8)2] + 10 (ý 7.25) (20)

-- in.2
= 71.5 +72.5 = 144 in.

Separating force:

P = pA = 145 (144) = 20,800 lb (18)

Bolt stress:

= 20. 800 19,000 psi
30(0.0371)

where s is the average stress for 30 bolts.

The collector skin stress and bolt stress were also calculated for 145 psig
interial pressure. The dimensional configuration is shown in Figure 247.

From Reference 10 (page 224, case 20), the skin stress at Point A is:

Spb .2a - b )(21)
'rA t 't 2;a - 2b
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t= 0.060 in.

a

-Point A

17.5-in.-Dia
Bolt Circle

Figure 247. Collector Configuration fcr Stress Calculations.

where:

a = 10. 8 in.

b = 2. 0 in.

t = 0. 060 in.

p =l145 psi

=145 (2.0) 21.6_-_2

145 (2.0) [19.6] ,0 s'A 0.060 L17.61 ,0 s

The bolt stress for 10 bolts restraining the collector at a bolt circle of 17.5-inch
diameter was calculated. The bolt force is:
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A = a t iD 
(22)

= (5,400) (0.060) (3.14) (17.5) = 17,800 lb

The bolt stress for ten 1/4-inch-diameter bolts is:

17,00 = 48,000 psi
10 (0.0371)

2.4 DIFFUSER DEFLECTION

The axial deflection of the diffusei backplate was calculated for the same pressure
load as above, distributed over the total plate area. From Reference 10 (page
200, ca.-e 19), the maximum axial deflection as shown in Figure 248 will be:

Yt3 a4 +3b 4-4a2b 4a22 ln+ 162 ln i (23)

Ymax 16m t b a-b 2  \ b/

where:

W 145 psig

1 1 .
0. 33

b 
y

y- aýU --•-

Figure 248. Diffuser Backplate Configuration for Deflection Calculation.
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E = 29.0x106 psi

t = 0.70 in.
2 24 4

a = 5.4 in.;a =29.2 in. ;a =852 in.
2 2b4 4

b = 3.5 in.;b = 12.25 in.2;b =150 in.

a = 1.54; an =0.431
b bn=0

3(145)(8)
Ymax = (16)(9)(29.Ox106)(0.343) [852 + 3 (150) - 4(358)(0.431) +

16(4360) 0.185
16.6

31( 5 2 +450-1430 - 606 + 779
16(9)(29x 106)(0.343) 52 +

- 3(145)(8) 1245 0.0006 in.
16(9)(29.Ox 106) 0.343 L 1 =

where ymax = 0.0006 in. is the predicted axial deflection for the diffuser plate.

The deflection for each passage was calculated with the same distributed pressure
of 145 psig. The diffuser bolt pattern was assumed to form a rectangular support
with all edges rigidly supported as a cantilever. The force calculated on each
diffuser passage is:

P = pA = 145 (1.0 wide)(3.75 long) =513 lb

From Reference 10 (page 203, case 36),

0. 1422 Wb(4

Ymax = Et 3 (1 + 2.21 a3 )

where:
b 2.25a = =- = 0.60
a 3.75

b4 = 0.13

t = 0.35 in.; t 3 = 0. 043 in. 3

1 1
m - - 1 = 3.0S0.33
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0.1422 (145)(2.25)4JYmax- (29 x 106) [1 + 2.21 (0.216) ] t3

S0.1422 (1.45) (255)
(29 x 106) (1,478) (0.043)

y 0.000285 in.
max -

where ymax is the predicted maximum deflection at the center of the passage.

2.5 INLET-SHROUD ALUMINUM INSERT STRESS

The thermal c. xpansion and resultant stress for the inlet-shroud aluminum insert
was calculated for a temperature rise of 380 0F. The coefficients of thermal
expansion for 6061 aluminur, and low carbon steel are 13.4 x 10-6 and 6.5 x 10- 6

in./in. *F, respectively. The aluminum diametral growth will be:

SDal = aalD ,T

S~-6)
= (13.4 x 10 ) (5.40) (380) (25)

= 0.0275 in.

The steel diametral growth will be:

AD =s astD AT

= 6.3x 10- 6 (5.40) (380) (26)

= 0.0134 in.

The interference at 380*F with a line-to-line contact at 60*F will be:

interference = 0.0275 - 0.0134

0.0141 In.

The compressive stress of the aluminum for the above interference will be:
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al XD (27)aal =2 h al

where equal deflection for the aluminum and steel gives.

XD XD

Gal AT - X a T+ XD (28)
l 2Ealhal st 2Esthst

XD (Gal - ast)(AT) Eal (28a)
al 2 hal 1 + Ealhal

Est hst

_ (13.4 - 6.5) (10-6) (380) (10 x 106)

al - I +! •+ -
3 (6)

6.9 x 10- 6 (380) (10 x 106)
1.0278

- 25,500 psi

The tensile stress of the steel will be:

XD (Gal - ist) (AT)(Est)= Eh(29)
2 st st st

E al hal

= (6.9 x 10-6) (380) (30 x 106)

1 + 3(6)I 1(0.5)

= 6.9 (380) (30) = 2,100 psi
372,0ps

TbP. differential diametral growth between the mating steel shroud and the
a'uminum insert was 0.014 inch. This differential growth results in a compres-
sive stress of 25,500 psi for aluminum and a tensile stress of 2,100 psi for steel.
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The steel stress was low enough for infinite life. The aluminum stress corres-
ponded to 0.2 percent yield endurance life of 100 hours; however, this life was j

sufficient for the planned test program.

The axial growth of the aluminum insert due to the thermal stress was calculated
as:

a-i ai GradialS•axialE

(30)
S25,500 = 0.00255 in./in.i 10 x 106

For an axial length of 0.25 inch, the growth was calculated as:

a Xi= 0.25 (0.00255)
axial

= 0.0006 in.

The axial differential growth for the aluminum insert was expected to be 0. 0006

inch.

2.6 CONCLUSIONS I
The design analyses for the modified 2-piece impeller indicated that the design
was structurally sound for the planned operating conditions. The rotor dynamic
analysis resulted in critical-operating speeds essentially identical to those of i
the diffuser test rig which used the workhorse impeller rotor system. The
inducer-impeller stress and blade-vibration analyses are given in Appendix I of
this report.
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(U) APPENDIX MI 1
DIFFUSER TEST DATA

This appendix contains the static-pressure measurements on the side walls of the
diffuser in the vaneless space, the semivaneless space and the channels for the
10-vane-island diffuser configurations that were tested. The data is presented
in tabular form with a sketch showing the location of each pressure tap with
respect to the vane. The pressures given are in psia and are corrected to a
standard day. The speed given is corrected (N/v'T-) in rpm, and airflows are

corrected (WaV-/ 6 ) in pounds per second. Each table of data also gives total
throat area and depth. Since this appendix supplements the data of Section 6, the

line number is given to facilitate cross referencr for each test. The relative

positions of lines 3, 5, and 7 on the speed lines of a compressor map are shown
in Figure 249.
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0

P4

p44

8

Airflow, WaVO-/6

z /

Figure 249. Relative Positions of Lines 3, 5 and '7 on the Speed Lines
of a Compressor Map.

327

I • / • /

W "•/ V/
4.°/I,--I I.



Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3352A, Line 3 T Total Area = 0.889in3.2

Configuration V-1 Throat Size Depth = 0.200 in.

Speed, N/VF= 50,000 rpm Airflow, WaV-/76 = 1.76 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressur- No. Pressure No. Pressure No. Pressure

49 67.3 76 107.6 103 51.6 130 70.6
50 81.2 77 72.0 104 71.8 131 74,0
51 47.7 78 70.6 105 67.2 132 73.6
52 73.2 79 74.1 106 68.9 133 75.9
53 67.9 80 73.8 107 66.8 134 97.7
54 69.8 81 77.1 108 78.8 135 99.9
55 67.2 82 92.6 109 52.7 136 104.0

56 81.0 83 100.3 110 72.4 137 106.1
57 48.5 84 104.0 111 74.5 138 116.3
58 73.9 85 106.2 112 82.5 139 113.4
59 70.7 86 116.2 113 60.3 140 86.7

60 86.0 87 122.6 114 78.7 141 129.9
61 60.6 88 128.1 115 77.7 142 130.0
62 79.4 89 129.9 116 75.7 143 130.8
63 77.3 90 130.5 117 78.6 144 131.0
64 76.0 91 130.8 118 85.8 145 73.2
65 77.0 92 130.9 119 59.7 146 90.4
66 86.7 93 74.4 120 78.5 147 105.3
67 59.2 94 90.9 121 75.2 148 103.4
68 78.6 95 104.5 122 79.3 149 105.4
69 75.3 96 103.0 123 78.4 150 143.4
70 79.2 97 105.7 124 77.3 151 140.7
71 78.6 98 104.5 125 ,-94.2 152 144.5
72 79.7 99 122.1 126 100.1 157
73 94.1 100 125.9 127 104.7 158
74 100.1 101 66.8 128 107.5 159
75 104.6 102 79.6 129 71.5 160
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Corrected Diffuser Data

Static Pressure, Ps/& (psia)

Test No. 3352A, Line 5 Thrt Size Total Area = 0. 889 in. 2Configuration V1-1 iz Depth = 0.200 in.

Speed, N/VT= 50,000 rpm Airflow, WaV-076 = 1.86 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

S49 69.2 76 103.6 103 54.2 130 69.6

50 74.7 77 72.0 104 70.6 131 73.7
51 54.4 78 69.7 105 67.4 132 74.6
52 70.3 79 74.1 106 68.1 133 71.2
53 67.3 80 75.1 107 68.4 134 88.2
54 67.2 81 72.4 108 73.8 135 95.6
55 68.4 82 88.6 109 55.5 136 99.1
56 74.7 83 96.2 110 72.0 137 101.7
57 55.1 84 99.2 ill 138 113.5
58 72.2 85 101.9 112 83.8 139 111.5
59 70.5 86 113.4 113 63.2 140 85.3
60 84.8 87 120.5 114 77.1 141 127.7
61 63.6 88 126.2 115 77.7 142 127.7
62 78.4 89 127.7 116 74.6 143 128.7
63 77.8 90 128.3 117 76.7 144 128.9
64 75.1 91 128.6 118 86.5 145 68.6
65 75.3 92 128.7 119 63.1 146 86.5
66 85.4 93 69.3 120 77.0 147 100.2
67 62.2 94 86.8 121 74.7 148 97.0
68 77.7 95 101.5 122 78.0 149 100.9
69 75.2 96 97.6 123 79.5 150 136.1
70 78.0 97 "01o2 124 70.3 151 133.3
71 79.7 98 101.3 125 89.5 152 138.4
72 73.6 99 115.7 126 95.9 157
73 89.4 100 120.9 127 100.4 158
74 95.9 101 68.1 128 103.5 159
75 100.1 102 74.9 129 71.9 160
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)
__ • ~Total Area = 0.889 in. 2

Test No. 3352A, Line 7 Throat Size T D eat = 0.200 in.
CoidigurationDet =020in

Speed, N/V-= 50,000 rpm Airflow, WaVj76 = 1.96 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 67.4 76 90.5 103 64.2 130 69.6
50 63.5 77 69.6 10o 67.3 131 72.0
51 63.5 78 69.5 105 67.3 132 73.2
52 66.7 79 72.3 106 67.0 133 71.1
53 66.6 80 74.0 107 67.1 134 64.9
54 66.4 81 72.5 108 63.7 135 82.4

55 66.5 82 64.9 109 66.0 136 83.1

56 63.2 83 84.2 110 67.9 137 88.S
-.7 64.2 84 83.5 ill 68.8 138 105.0

58 67.6 85 88.9 112 84.6 139 105.1
59 68.2 86 105.2 113 69.9 140 80.9

b0 81.1 87 113.3 114 73.0 141 120.0

61 70.5 88 118.6 115 75.9 142 120.4
62 74.8 89 120.0 116 74.2 143 121.1
63 76.7 90 120.6 117 75.8 144 121.3
64 75.2 91 121.0 118 85.8 145 68.7
65 74.9 92 121.2 119 70.2 146 65.1
66 81.3 93 69.1 120 72.8 147 87.4
67 69.0 94 65.4 121 74.4 148 79.9
68 73.9 95 89.6 122 76.8 149 88.2
eq 75.3 96 80.1 123 78.2 150 86.7
70 77.2 97 88.7 124 69.6 151 106.4
71 78.8 98 88.5 125 66.1 152 120.1
72 73.5 99 78.1 126 82.8 157
73 66.1 100 105.2 127 85.5 158

74 83.1 101 68,0 128 90.3 159
75 85.4 102 64.3 129 69.8 160
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3352B, Line 3 Throat Size Total Area =0.845 in. 2

Configuration V1-2r Depth =0.190 in.

Speed, N/VU= 50,000 rpm Airflow, WaVI76 = 1.75 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Presoure

49 70.2 76 107.4 103 55.1 130 71.2
50 80.5 77 74.3 104 73.1 131 75.3
51 52.5 78 71.9 105 69.5 132 75.8
52 74.0 79 76.2 106 68.7 133 72.5
53 69.9 80 77.1 107 70.2 134 91.3
54 69.2 81 74.7 108 75.1 135 98.7
55 70.7 82 92.1 109 56.3 136 102.4
56 79.6 83 99.7 110 73.8 137 104.7
57 55.9 84 103.1 111 72.5 138 116.4

58 74.7 85 105.6 112 85.3 139 113.4
59 73.1 86 117.1 113 63.7 140 85.2
60 88.6 87 124.4 114 78.8 141 131.4

61 63.8 88 130.4 115 79.6 142 131.6
62 80.5 89 132.3 116 76.1 143 132.4
63 80.1 90 132.9 117 77.9 144 132.6

64 77.3 91 133.2 118 88.2 145 70.1
65 77.3 92 133.3 119 63.0 146 89.4
66 89.2 93 71.7 120 79.4 147 104.0

67 62.1 94 90.5 121 76.8 148 99.9

68 80.4 95 104.8 122 79.5 149 103.7

69 77.7 96 101.7 123 80.9 150 104.4
70 80.2 97 105.1 124 73.0 151 101.7
71 81.8 98 104.8 125 92.5 152 105.0
72 76.5 99 102.4 126 98.8 157 ---
73 93.2 100 106.2 127 103.4 158 ---
74 99.6 101 69.8 128 106.4 159 ---

75 104.1 102 79.1 129 73.3 160 88.4
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3352B, Line 5 Ihroat Total Area =0. 845 in.2

Configuration V1-2 Depth = 0.190 in.

Speed, N/Vj= 50,000 rpm Airflow, WaVI76 = 1.84 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 70.7 76 102.4 103 59.3 130 71.1
50 70.2 77 73.9 104 71.8 131 73.8
51 58.8 78 71.9 105 69.7 132 75.9
52 71.7 79 74.9 106 68.5 133 72.5
53 69.4 80 74.4 107 70.4 134 85.4
54 68.4 81 75.0 108 67.9 135 93.2
55 70.3 82 86.7 109 61.4 136 96.0
56 68.6 83 94.6 110 72.0 137 99.2
57 60.1 84 97.0 111 73.0 138 113.0
58 72.1 85 100.2 112 86.5 139 110.7
59 72.8 86 113.8 113 66.9 140 83.1
60 87.1 87 121.7 114 76.4 141 128.6
61 68.0 88 127.8 115 79.5 142 128.6
62 78.6 89 129.4 116 76.0 143 129.5
63 80.5 90 130.0 117 77.2 144 129.8
64 77.3 91 130.3 118 86.6 145 70.2
65 76.6 92 130.4 119 66.5 146 84,,0
66 87.7 93 71.8 120 77.5 147 98.0
67 66.2 94 85.2 121 76.4 148 93.1
68 79.0 95 100.3 122 78.2 149 98.6
69 77.7 96 94.8 123 81.1 150 98.7
70 79.0 97 99.8 124 72.0 151 95.8
S1 82.1 98 100.5 125 85.9 152 100.2
72 75.6 99 96.1 126 93.4 157 ---
73 86.8 100 101.3 127 97.6 158 ---
74 94.4 101 70.8 128 101.5 159
75 98.2 102 70.3 129 73.2 160 88A4
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3352B, Line 7 'Throat Size Total Area = 0.845 in. 2

Configuration V1-2 Depth = 0.190 in.

Speed, N/V•-= 50,000 rpm Airflow, WaV76 = 1.91 lb/sec

Tap Static Tap Static Tap Static Tap Static

No. Pressure No. Pressure No. Pressure No. Pressure

49 69.6 76 94.3 103 65.2 130 71.2

50 65.7 77 72.1 104 70.0 131 73.5

51 64.5 78 71.9 105 69.2 132 74.1

52 69.5 79 74.5 106 68.7 133 72.3

53 68.8 80 76.4 107 69.1 134 67.2

54 68.2 81 74.9 108 65.6 135 84.9

55 68.6 82 69.2 109 67.4 136 86.3

56 65.2 83 87.3 110 69.7 137 91.2

57 65.8 84 87.4 ill 71.2 138 108.3

58 69.8 85 92.6 112 86.0 139 107.4

59 70.6 86 109.2 113 71.2 140 82.1

60 84.7 87 117.8 114 74.4 141 124.2
61 72.5 88 123.6 115 78.1 142 124.5

62 77.0 89 125.1 116 76.0 143 125.3

63 79.5 90 125.7 117 77.4 144 125.5

64 77.6 91 126.,0 118 88.0 145 70.1

65 77.0 92 126.2 119 71.0 146 67.5

66 85.0 93 71.4 120 75.1 147 90.4
67 70.5 94 68.4 121 76.0 148 82.4

68 77.0 95 93.2 122 78.3 149 91.2

69 77.6 96 83.7 123 80.1 150 90.3

70 79.4 97 92.5 124 71.4 151 84.2

71 81.3 98 92.7 125 68.1 152 92.9

72 75.9 99 83.9 126 85.4 157 ---

73 68.8 100 94.1 127 88.6 158 ---

74 86.5 101 70.1 128 78.3 159 ---

75 89.3 102 66.6 129 71.5 160 88.4
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)
STotal Area= 0.813 in. 2

Test Noa. 3352C, Line 3 Throat Size Depth = 0.183 in.

Configuration V1-3 Det . 8 n

Speed, N/VT'= 50,000 rpm Airflow, WaVj76 = 1.69 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 70.8 76 106.9 103 56.0 130 71.4
50 79.2 77 74.9 104 73.4 131 75.7
51 54.2 78 72.2 105 69.9 132 75.4
52 74.2 79 76.6 106 69.0 133 71.9
53 70.3 80 77.5 107 70.8 134 90.6
54 69.6 81 74.5 108 75.9 135 97.8
55 71.1 82 91.3 109 57.4 136 101.6
56 77.3 83 99.2 110 73.9 137 103.7
57 55.5 84 102.3 111 73.0 138 116.4
58 75.1 85 104.9 112 85.5 139 112.8
59 73.6 86 117.0 113 64.5 140 83.8
60 89.6 87 124.5 114 78.4 141 131.6
61 64.9 88 130.6 115 80.0 142 131.6
62 80.4 89 132.4 116 76.4 143 132.5
63 80.5 90 133.0 117 77.9 144 132.7
64 77.5 91 133.3 118 88.6 145 69.4
65 77.2 92 133.4 119 63.8 146 88.6
66 90.2 93 71.5 120 79.6 147 103.6
67 62.8 94 90.0 121 77.2 148 98.3
68 80.5 95 104.4 122 79.9 149 103.1
69 78.2 96 100.6 123 81.3 150 104.2
70 80.6 97 104.3 124 72.3 151 101.4
71 82.3 98 104.4 125 91.7 152 104.9
72 75.8 99 101.8 126 98.2 1E7
73 92.5 100 105.9 127 102.8 158
74 99.0 101 70.2 128 10M.9 159
75 103.5 102 78.1 129 73.8 160
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3352C, Line 5 Throat Size I otal Area =0.813 in.2

Configuration V3-3 L Dt = 0.183 in.

Speed, N/V0-0= 50,000 rpm Airflow, WaVj76 = 1.77 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure NO. Pressure No. Pressure No. Pressure

49 71.1 76 93.5 103 67.2 130 72.4
50 67.1 77 73.0 104 71.3 131 74.8
51 67.0 78 73.3 105 70.3 132 74.8
52 70.9 79 76.0 106 70.0 133 73.2
53 70.0 80 77.6 107 70.3 134 66.6
54 69.7 81 76.2 108 66.9 135 84.2
55 70.0 82 67.5 109 70.0 136 84.2
56 66.7 83 86.8 110 71.0 137 89.9
57 68.9 84 85.3 ill 71.8 138 108.9
58 71.1 85 91.9 112 86.3 139 107.6
59 71.5 86 109.7 113 73.0 140 80.7
60 86.6 87 118.6 114 74.8 141 125.0

61 74.4 88 124.4 115 78.8 142 125.2

62 78.0 89 125.9 116 77.4 143 126.0
63 80.1 90 126.5 117 78.7 144 126.2
64 79.0 91 126.8 118 88.1 145 70.9
65 78.2 92 127.0 119 72.4 146 66.6
66 86.9 93 72.9 120 76.6 147 90.3

67 72.0 94 67.4 121 77.3 148 80.1

68 78.3 95 93.1 122 79.5 149 90.4
69 78.7 06 82.0 123 81.4 150 90.6

70 80.8 97 92.0 124 72.9 151 83.0
71 82.6 98 92.6 125 68.2 152 92.8
72 77.2 99 82.8 126 84.6 157
73 69.0 100 94.1 127 86.8 158
74 85.8 101 71.3 128 92.3 159
75 87.5 102 67.5 129 72.3 160
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3352C, Line 7 TTotal Area =0.813 in. 2

Configuration V1-3 Throat Size Depth = 0.183 in.

Speed, N/Vl'W= 50,000 rpm Airflow, WaV-976 = 1.85 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 70.4 76 92.5 103 67.1 130 71.6
50 66.3 77 72.3 104 70.6 131 74.0
51 66.2 78 72.6 105 69.6 132 74.0
52 70.1 79 75.2 106 69.3 133 72.5
53 69.3 80 76.8 107 69.5 134 65.8
54 69.0 81 75.4 108 66.1 135 83.2
55 69.2 82 66.8 109 69.1 136 83.3
56 65.9 83 85.8 110 70.2 137 88.9
57 68.1 84 84.5 111 71.0 138 107.8
58 70.3 85 90.9 112 85.4 139 106.5
59 70.8 86 108.6 113 72.2 140 79.9
60 85.7 87 117.3 114 74.0 141 123.9
61 73.6 88 123.0 115 78.0 142 123.9
62 77.2 89 124.5 116 76.6 143 123.8
63 79.3 90 125.1 117 77.8 144 125.0
64 78.1 91 125.4 118 87.2 145 70.1
65 77.4 92 125.6 119 71.6 146 65.8
66 86.0 93 72.2 120 75.8 147 89.4
67 71.3 94 66.6 121 76.5 148 79.2
68 77.5 95 92.1 122 78.6 149 89.5
69 77.9 96 81.2 123 80.5 150 89.6
70 80.0 97 91.0 124 72.2 151 82.2
71 81.8 98 91.6 125 67.5 152 91.8
72 76.4 99 81.9 126 83.6 157
73 68.2 100 93.1 127 85.9 158
74 84.9 101 70.6 128 91.3 159
75 86.5 102 66.8 129 71.6 160
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3353D, Line 3 Throat Size Total Area = 0.813 in. 2

Configuration V1-3I Depth =0.183 in.

Speed, N/V'=-- 50,000 rpm Airflow, WaV076 = 1.66 lb/sec

Tap Static Tap Static Tap Static Tap Static

No. Pressure No. Pressure No. Pressure No. Pressure

49 70.0 76 107.5 103 55.4 130 72.5

50 80.7 77 75.0 104 73.3 131 76.8

51 52.9 78 72.5 105 70.0 132 75.2

52 74.5 79 77.0 106 70.1 133 73.9

53 70.8 80 76.2 107 69.6 134 92.3

54 70.8 81 74.3 108 77.7 135 98.5

55 69.9 82 92.1 109 56.5 136 103.5

56 79.8 83 99.8 110 74.3 137 105.0

57 54.0 84 103.4 111 72.9 138 117.5

58 75.6 85 105.7 112 84.3 139 124.7

59 73.5 86 117.4 113 64.3 140 130.5

60 89.7 87 124.5 114 79.2 141 132.2

61 63.8 88 130.4 115 80.8 142 133.0

62 80.9 89 128.5 116 77.1 143 133.2

63 80.4 90 132.5 117 79.6 144 133.4

64 77.5 91 133.1 118 88.9 145 71.0

65 79.1 92 133.3 119 63.9 146 89.8

66 90.1 93 71.5 120 80.4 147 105.0

67 61.9 94 90.7 121 78.4 148 101.7

68 80.5 95 104, C 122 81.3 149 104.6

69 78.6 96 101.8 123 80.9 150 105.6

70 81.5 97 105.2 124 73.6 151 103.0

71 81.1 98 104.7 125 90.5 152 106.4

72 75.8 99 102.7 126 99.6 157 ---

73 93. V 100 106.5 127 104.6 158 ---

74 99.7 101 69.5 128 107.2 159 ---

75 104.5 102 79.1 129 74.6 160 90.3
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3353D, Line 5 i Total Area = 0.813 in. 2

Configuration V1-3 'Throat Size Depth = 0.183 in.

Speed, N/VT= 50,000 rpm Airflow, Wavr'76 = 1.75 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 72.5 76 103.7 103 59.6 130 72.9
50 69.7 77 76.8 104 71.3 131 75.8
51 59.0 78 73.1 105 70.9 132 77.1
52 71.5 79 76.2 106 69.3 133 74.8
53 71.1 80 78.2 107 71.2 134 86.9
54 69.5 81 75.3 108 67.9 135 94.4
55 71.5 82 87.0 109 61.4 136 98.0
56 68.1 83 95.5 110 72.4 137 100.6
57 60.5 84 98.0 111 74.0 138 115.0
58 72.9 85 101.2 112 86.7 139 122.9
59 74.3 86 114.9 113 67.7 140 129.1
60 89.2 87 122.9 114 77.3 141 130.6
61 68.3 88 129.0 115 81.8 142 131.4
62 79.2 89 127.0 116 77.6 143 131.5
63 81.7 90 131.3 117 78.4 144 131.8
64 78.0 91 131.5 118 89.4 145 71.9
65 78.0 92 131.6 119 67.0 146 85.2
66 89.7 93 72.2 120 77.9 147 100.3
67 65.9 94 85.9 121 78.9 148 95.8
68 79.2 95 101.2 122 80.2 149 100.2
69 79.2 96 95.8 123 82.8 150 101.0
70 80.4 97 100.8 124 73.5 151 97.7

71 83.0 98 131.6 125 87.3 152 102.2

72 76.3 99 97.3 126 95.2 157 ---
73 87.4 100 102.4 127 99.6 158
74 95.3 101 72.1 128 103.4 159 ---

75 99.4 102 70.4 129 76.3 160 90.2
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)
I Total Area = 0.813 in.2

Test No. 3353D, Line 7 Throat Size To Depth 0.183 in.

Configuration V1-3

Speed, N/VjT= 50,000 rpm Airflow, WaV-"7/ = 1.83 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 71.3 76 79.6 103 66.2 130 73.1
50 66.5 77 75.1 104 69.6 131 74.9

51 66.5 78 73.3 105 71.5 132 75.9

52 69.3 79 75.3 106 69.5 133 74.9
53 71.4 80 77.3 107 69.8 134 66.0
54 69.4 81 75.6 108 66.1 135 81.4
55 69.6 82 66.4 109 69.2 136 78.8

56 66.0 83 83.6 110 70.7 137 86.6
57 68.4 84 78.8 111 71.1 138 107.2

58 70.7 85 87.9 112 84.4 139 116.1

59 70.9 86 107.1 113 73.0 140 121.9

60 85.5 87 116.2 114 75.1 141 123.4

61 73.5 88 122.0 115 78.9 142 124.1

62 77.7 89 120.0 116 78.2 143 124.4

63 79.4 90 124.0 117 78.9 144 124.6

64 78.9 91 124.3 118 86.9 145 72.0

65 78.5 92 124.5 119 71.5 146 65.4

66 85.9 93 72.3 120 75.3 147 88.7
67 70.4 94 65.6 121 79.6 148 76.8
68 76.3 95 90.5 122 79.8 149 87.4

69 80.2 96 77.4 123 81.8 150 89.3

70 80.4 97 88.4 124 73.6 151 77.2

71 82.2 98 90.3 125 67.9 152 89.6

72 76.5 99 76.5 126 81.0 157 ---
73 68.1 100 90.1 127 82.3 158 ---
74 81.8 101 61.3 128 89.1 159 ---
75 82.2 102 86.8 129 75.0 160 90.6
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Frontplate Tap Numbers - 49 thr

137 Rearplate Tap Numbers - 101 th:
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Frontplate Tap Numbers - 49 thru 100, 157, A'58, 159, 160
Rearplate Tap Numbers - 101 thru 152
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Corrected Diffuser Data,

Static Pressure, Ps/6 (psia)

Test No. 3354, Line 3 roat Size Total Area=0.869 in.2

Configuration V1-4 Depth = 0.183 In.

Speed, N/Vj'= 50,000 rpm Airflow, WaV076 = 1.77 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 68.2 76 106.6 103 54.4 130 70.2

50 81.9 77 72.8 104 71.7 11.1 75.3

51 52.7 78 70.4 105 68.4 132 74.3

52 72.4 79 75.5 106 67.4 133 78.4
53 68.0 80 74.6 107 68.3 134 92.4
54 67.9 81 79.1 108 79.4 135 109.7

55 68.3 82 92.6 109 54.0 136 102,8
56 80.9 83 99.6 110 73.1 137 104.7
57 49.4 84 102.8 ill 71.6 138 116.1

58 74.0 85 104.9 112 86.2 139 123.1
59 72.2 86 116.0 113 62.8 140 129.4

60 88.9 87 123.1 114 78.7 141 131.4

61 62.4 88 129.4 115 78.7 142 132.0

62 79.7 89 131.4 116 74.7 143 132.5

63 68.6 so 132.2 117 76.7 144 132.7

64 75.0 91 132.5 118 88.8 145 74.6

65 76.3 92 132.6 119 63.0 146 90.5

66 89.6 93 75.2 120 78.6 147 104.3

67 61.2 94 91.0 121 75.7 148 101.4

68 78.9 95 105.0 122 79.0 149 104.0

69 75.8 96 101.5 123 79.1 150 105.5

70 78.9 97 104.5 124 81.7 151 103.3

71 79.3 98 105.6 125 94.1 152 106.1 I
72 83.4 99 103.0 126 98.4 157 ---
73 93.9 100 106.5 127 103.6 158

74 99.3 101 68.4 128 106.5 159 ---

75 103.1 102 80.9 129 72.9 160 90.0
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Corrected Diffuser Data

Static Pressure, Ps/b ipsia)

Test No. 3354, Line 5 Throat Size Total Area = 0.869 in. 2

Configuration V1-4h Depth = 0. 183 in.

Speed, N/V9= 50,000 rpm Airflow, WaV'7/6 = 1.87 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 69.2 76 102.0 103 58.4 130 70.1
50 75.6 77 72.7 104 69.7 131 72.5
51 57.8 78 70.3 105 68.6 132 75.5
52 69.7 79 72.7 106 66.5 133 75.2
53 67.7 80 76.0 107 69.6 134 88.2
54 66.4 81 75.8 108 73.8 135 95.3

55 69.4 82 88.6 109 57.6 136 97.6
56 74.6 83 95.5 110 71.3 137 100.3
57 50.2 84 97.8 l11 71.8 138 113.2
58 71.5 85 100.6 112 87.4 139 121.1
59 71.7 86 113.2 113 64.9 140 127.6
60 87.4 87 121.2 114 76.4 141 12v 5
61 65.9 88 127.7 115 78.6 142 130.1

62 77.7 89 129.6 116 74.5 143 130.7
63 78.8 90 130.3 117 75.3 144 130.8
64 75.1 91 130.6 118 89.7 145 71.6
65 75.1 92 130.7 119 65.9 146 86.7
66 88.2 93 71.8 120 76.1 147 99.7
67 65.0 94 87.1 121 75.2 148 95.3
68 76.8 95 101.3 122 76.2 149 99.8
69 75.7 96 95o3 123 80.2 150 100.2
70 76.2 97 100.3 124 77.8 151 97.3
71 80.5 98 101.3 125 89.4 152 101.6
72 80.0 99 96.7 126 93.8 157 ---
73 89.4 100 102.1 127 98.9 158 ---
74 95.C 101 69.6 128 1.02.0 159 ---

75 98.3 102 75.9 '129 73.0 160 90.0
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3354, Line 7I Total Area = 0.869 in. 2
Configuration V1-4 Thnroat Size f Depth = 0.183 in.

Speed, •/,I= 50,000 rpm Airflow, WaV76 = 1.96 lb/sec

Tap Static Tap Static Tap Static Tap StaticNo. Pressure No. Pressure No. Pressure No. pressure

49 68.1 76 93.0 103 65.8 130 70.950 66.7 77 70.6 104 76.7 131 72.451 65.1 78 70.8 105 68.7 132 74.452 67.3 79 72.4 106 67.3 133 74.9
53 67.5 80 74.7 107 67.9 134 75.254 66.7 81 75.6 108 67.0 135 87.155 67.4 82 75.2 109 64.6 136 86.756 67.0 83 87.7 110 68.8 137 91.0
57 56.8 84 87.1 111 70.1 138 108.158 68.8 85 91.6 112 88.9 139 117.0
59 69.9 86 108.3 113 70.5 140 123.560 85.4 87 117.2 114 74.1 141 125.261 71.0 88 123.6 115 76.8 142 125.6
62 75.7 89 125.3 l1b 75.0 143 126.4
63 77.5 90 126.0 117 75.8 144 126.5
64 75.8 91 126.4 118 90.3 145 71.4
65 75.9 92 126.5 119 71.8 146 74.6
66 86.0 93 71.5 120 73.2 147 92.1
67 70.5 94 75.4 121 75,.5 148 83.068 74.3 95 93.9 122 76.8 149 90.569 76.3 96 83.1 123 79.0 150 91.9
70 76.9 97 91.0 124 77.2 151 83.3
71 79.4 98 93.0 125 74.0 152 92.5
72 79.7 99 82.4 126 85.3 157 ---
73 74.4 100 93.0 127 88.8 158 ---I74 87.0 101 68.9 128 93.1 159 ---
75 88.1 102 67.1 129 71.3 160 90.1
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Frontplate Tap Numbers -49 tbru 100, 157, 158, 159, 160

Rearplate Tap Numbers - 101 thru 152
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3355, Line 3 T Total Area =0.909 in. 2

Configuration V1-5 Throat Size pth =0.183 in.

Speed, N/Vr-= 50,000 rpm Airflow, WaVi76 = 1.81 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 66.7 76 108.7 103 52.2 130 70.0
50 83.8 77 72.9 104 71.2 131 74.0
51 49.8 78 70.0 105 68.7 132 73.8
52 72.0 79 74.1 106 67.6 133 83.1

53 68.4 80 73.9 107 66.5 134 95.3
54 68.1 81 83.4 108 81.8 135 102.5
55 66.6 82 95.3 109 51.9 136 ---
56 83.3 83 102.2 110 72.0 137 107.2
57 46.8 84 105.3 111 71.8 138 117.4
58 73.0 85 107.3 112 85.8 139 123.6
59 72.6 86 117.2 113 60.7 140 130.0
60 88.7 87 123.9 114 77.5 141 132.1
6! 60.5 88 130.0 115 78.9 142
62 78.3 89 132.1 116 74.5 143 133.3
63 78.5 90 133.1 117 76.5 144 133.6
64 74.5 91 133.4 118 88.9 145 79.3
65 76.0 92 133.6 119 59.0 146 92.9
66 89.7 93 79.8 120 77.9 147 106.9
67 59.1 94 93.3 121 75.8 148 104.4
68 78.1 95 107.3 122 78.1 149 106.6
69 75.8 96 104.3 123 78.9 150 107.5
70 77.8 97 75.3 124 87.0 151 105.6
71 79.1 98 107.5 125 97.1 152 108.0
72 88.1 99 105.2 126 101.1 157 -

73 96.8 100 108.3 127 105.9 158 -"
74 101.9 101 67.0 128 108.7 159 --

75 105.4 102 82.8 129 73.2 160 91.9
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)Test No. 3355, Line5

Configuration V1-5 LThroat Size Total Area = 0.909 in. 2
Cniuai Depth = 0. 183 in.

Speed, N/VF-= 50,000 rpm Airflow, Wavr96 = 1.93 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 67.8 76 104.0 103 55.6 130 73.4
50 79.2 77 72.8 104 68.7 131 69.8
51 55.0 78 69.7 105 68.9 132 70.8
52 68.7 79 70.8 106 65.7 133 74.653 68.1 80 74.8 10? 68.7 134 78.8
54 65.7 81 79.3 108 78.4 135 91.1
55 68.4 82 91.4 109 54.9 136 97.956 79.2 83 98.0 110 70.2 137 100.657 51.6 84 100.6 111 71.8 138 102.7
58 70.3 85 102.8 112 92.1 139 114.5
59 71.8 86 114.4 113 87.2 140 121.6
60 87.1 87 121.9 114 63.3 141 128.461 63.8 88 128.4 115 74.7 142 130.5
62 75.9 89 130.6 116 78.7 143 ---
63 78.8 90 130.6 117 73.8 144 131.7
64 74.1 91 131.8 118 73.7 145 132.0
65 73.4 92 131.9 119 90.1 146 74.766 88.0 74.8 120 63.7 147 89.1
67 62.8 94 121 74.7 148 102.4
68 75.3 95 103.8 122 75.6 149 98.5
69 76.0 96 98.5 123 74.4 150 102.1
70 74.3 97 102.4 124 79.2 151 102.2
71 79.4 98 103.2 125 82.5 152 '99.570 84.1 99 98.9 126 92-7 103.3
73 92.5 100 103.6 127 96.5 158 ---
74 97.5 10, 68.2 128 101.515--
75 100.8 102 80.1 129 104.2 160 92.0
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

S|~ Total Area = 0.909 in.2

Test No. 3355, Line 7 'Throat Size Depth = 0.183 in.

Configuration V1-5

Speed, N/Vr-= 50,000 rpm Airflow, WaVi76 = 2.04 lb/sec

Tap Static Tap Static Tap Static Tap Static

No. Pressure No. Pressure No. Pressure No. Pressure

49 66.0 76 62.8 103 52.7 130 70.0

50 67.3 77 69.1 104 66.5 131 69.7

-51 62.5 78 69.4 105 68.1 132 70.3

52 66.0 79 70.2 106 66.0 133 72.2

53 66.9 80 72.3 107 66.0 134 73.6

54 65.4 81 74.2 108 67.5 135 81.2

55 65.5 82 81.7 109 64.4 136 87.2

56 68.2 83 87.7 110 66.8 137 87.1

57 60.2 84 87.4 ill 68.3 138 91.0

58 66.4 85 76.6 112 92.1 139 107.2

59 67.7 86 107.3 113 88.1 140 115.6

60 83.8 87 116.0 114 69.4 141 122.5

61 69.7 88 122.6 115 71.6 142 124.3

62 70.9 89 124.4 116 75.2 143

63 75.9 90 125.1 117 73.7 144 125.4

64 74.3 91 125.4 118 73.6 145 125.7

65 73.5 92 125.6 119 90.2 146 70.0

66 84.6 93 69.9 120 70.1 147 80.0

67 68.3 94 80.2 121 71.6 148 92.7
68 72.4 95 94.0 122 74.6 149 83.6

69 75.3 96 83.4 123 74.5 150 90.6

'10 74.6 97 90.8 124 76.5 151 91.9

71 77.0 98 92.4 125 76.3 152 91.4

72 78.4 99 82.2 126 81.6 157 _.4

73 81.8 100 91.5 127 85.4 158 ---

74 87.0 101 66.8 128 88.9 159 ---
75 88.3 102 67.2 129 92.9 160 92.1
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3356, Line 3 i Total Area = 0.946 in. 2

Configuration V1-6 Throat Size IDepth = 0. 183 in.

Speed, N/V-= 50,000 rpm Airflow, Wav-'76 = 1.88 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 63.9 76 108.5 103 51.4 130 68.9

50 83.6 77 71.9 104 70.3 131 72.3

51 49.2 78 69.0 105 67.9 132 74.1

52 71.0 79 72.5 106 69.4 133 84.2

53 66.1 80 72.0 107 65.2 134 95.7

54 66.9 81 84.8 108 81.9 135 102.6

55 64.7 82 95.9 109 50.5 136 105.6

56 83.2 83 102.6 110 71.2 137 107.2

57 45.7 84 105.8 111 70,9 138 116.6

58 71.8 85 107.4 112 85.2 139 108.1

59 71.3 86 116.3 113 59.5 140 129.2

60 87.6 87 122.9 114 76.6 141 1.31.4
61 59.5 88 129.1 115 77.8 142
62 77.5 • 89 131.5 116 73.4 143 132.8
63 77.51 90 132.6 117 75.2 144 133.2
64 73.5 91 133.0 118 88.6 145 80.4
65 74.9 92 133.2 119 60.3 146 93.2
66 88.9 93 80.8 120 76.7 147 106.8
67 59.1 94 93.6 121 74.5 148 104.6

68 77.0 95 107.5 122 76.4 149 106.6
69 74.6 96 104.5 123 79.3 150 107.1

70 76.2 97 107.0 124 88.2 151 105.4

71 79.6 98 107.5 125 97.8 152 107.9

72 89.3 99 104.6 126 101.6 157 --

73 97.6 100 108.2 127 106.0 158 --
74 102.4 101 65.7 128 108.4 159 "-
75 105.2 102 82.7 129 72.1 160
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)
I Total Area =0.946 in.2

Test No. 3356, Line 5 Throat Size Ae a =0.183 in.

Configuration V1-6 Depth = o.183 in.

Speed, N/IV1= 50,000 rpm Airflow, WaV-076 = 1.97 lb/sec

Tap Static Tap Static Tap Static Tap Static

No. Pressure No. Pressure No. Pressure No. Pressure

49 65.2 76 105.2 103 54.1 130 69.1

50 80.1 77 71.5 104 68.1 131 69.8

51 53.5 78 69.0 105 68.2 132 73.7
52 67.9 79 70.0 106 64.9 133 81.2
53 67.6 80 73.9 107 67.0 134 92.7
54 64.8 81 81.9 t08 79.6 135 99.3
55 66.3 %, 93.2 109 52.9 136 102.2

56 80.2 83 99.6 110 70.0 137 103.8

57 49.7 84 102.3 111 70.7 138 114.6

58 69.9 85 104.1 112 86.5 139 121.4

59 70.6 86 114.3 113 61.7 140 128.2
60 86.2 87 121.7 114 74.5 141 127.0
61 62.1 88 128.2 115 77.4 142 ---

62 75.8 89 130.6 116 72.6 143 132.0
63 77.6 90 131.8 117 72.4 144 132.3
64 72.6 91 132.1 118 89.8 145 77.4
65 72.2 92 132.3 119 62.8 146 90.5
66 87.3 93 77.4 120 73.8 147 103.6

67 62.2 94 90.6 121 74.7 148 100.5

68 74.5 95 105.0 122 43.1 149 102.8

69- 75.1 96 100.5 123 78.4 150 103.2

70 73.1 97 103.5 124 85.3 151 100.8

71 78.8 98 104.4 125 95.0 152 j04o2
72 86.6 99 99.9 126 98.3 157 --

73 94.8 100 104.5 127 103.0 158
74 99.1 101 67.0 128 105.3 159 ---

75 102.0 102 80.0 129 72.0 160 ---
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3356, Line 7 Throat Size Total Area = 0.946 in. 2

Configuration V1-6 I Depth = 0.183 in.

Speed, N/VO= 50,000 rpm Airflow, Wav'S76 = 2.06 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 63.3 76 96.5 103 60.8 130 68.8
50 72.3 77 68.0 104 65.61 131 68.9
51 59.7 78 68.4 105 67.1 132 71.2
52 65.1 79 68.5 106 64.7 133 75.1
53 66.0 80 71.1 107 64.8 134 85.5
54 64.1 81 75.5 108 72.1 135 90.9
55 63.9 82 85.8 109 61.3 136 92.5
56 72.5 83 91.3 110 66.4 137 94.9
E7 56.6 84 92.6 111 67.8 138 108.6

58 65.9 85 95.2 112 87.2 139 116.4
59 67.1 86 108.2 113 67.2 140 123.6
60 82.9 87 116.7 114 71.1 141 125.7
61 67.1 88 123.5 115 74.5 142 -

62 72.4 89 125.9 116 72.2 140 127.0
63 75.0 90 126.8 117 71.8 144 127.3
64 72.7 91 127.1 118 90.1 145 70.8
65 71.7 92 127.3 119 68.2 146 83.6
66 83.9 93 70.7 120 70.7 147 95.5
67 66.3 94 83.5 121 73.4 148 89,3
68 71.3 95 97.0 122 72.8 149 94.0
69 74.0 96 89.5 123 75.3 150 94.9

70 72.8 97 94.2 124 78.5 151 89.5
71 75.7 98 95.6 125 86.7 152 95.2
72 80.3 99 88.4 126 89.6 157 --
73 86.8 100 95.3 127 93.7 158 ---
74 90.9 101 65.2 128 96.7 159
75 92.5 102 72.4 129 68.9 160
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3357, Line 3 'Throat Size Total Area=0.946 in2

Configuration V1-7 I Depth =0.183 in.

Speed, N/V--1= 50,000 rpm Airflow, WaV-76 = 1.89 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 63.7 76 107.5 103 52.6 130 69.1
50 82.6 77 72.3 104 69.5 131 72.7
51 50.7 78 69.2 105 68.3 132 72.1
52 70.0 79 73.0 106 66.5 133 82.7
53 68.0 80 72.4 107 65.3 134 94.6
54 66.7 81 83.5 108 81.0 135 101.4
55 64.8 82 95.0 109 52.6 136 104.5
56 82.1 83 101.6 110 70.0 137 106.3
57 48.9 84 , 104.5 111 70.7 138 116.2
58 70.4 85 106.6 112 85.4 139 122.7
59 71.0 86 116.2 113 61.3 140 129.0
60 86.9 87 122.9 114 75.1 141 ---
61 61.1 88 129.1 115 77.8 142 ---
62 76.2 89 131.4 116 73.0 143 131.4
63 77.7 90 131.8 117 74.5 144 131.4
64 73.2 91 131.6 118 89.0 145 79.0
65 74.5 92 131.4 119 61.1 146 92.1
66 88.8 93 79.5 120 76.1 147 105.6
67 60.7 94 92.6 121 75.0 148 103.1
68 76.5 95 106.8 122 76.3 149 105.7
69 75.2 96 103.1 123 77.2 150 106.6
70 76.3 97 106.2 124 86.9 151 104.1
71 77.7 98 106.9 125 96.8 152 106.9
72 88.2 99 103.6 126 100.3 157 71.2
73 96.7 100 107.4 127 105.2 158 77.2
74 101.3 101 65.6 128 107.4 159 ---
75 105.0 102 82.0 129 72.4 160 ---
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia) I Total Area = 096in.2

Test No. 3357, Line 5 Throat Size l D e a= 0.946 in.2

Configuration V1-7 I Depth = 0.183 in.

Spoed, 50,000 rpm Airflow, Wavie76 = 1.98 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 64.9 76 103.3 103 55.9 130 68.9

50 78.3 77 71.2 104 67.2 131 68.9
51 55.1 78 68.8 105 68.1 132 73.0

52 67.0 79 69.0 106 64.5 133 78.9
55 67.5 80 73.3 107 67.3 134 90.5

54 64.3 81 79.7 108 77.9 135 97.2

55 66.6 82 91.1 109 55.5 136 99.6

56 78.4 83 97.6 110 68.1 137 101.8

57 52.6 84 99.9 111 70.0 138 113.0
58 67.9 85 102.2 112 86.4 139 120.2

59 69.7 86 113.2 113 63.1 140 127.0

60 84.7 87 120.5 114 72.3 141 -"

61 63.9 88 127.2 115 76.8 142 ---

62 73.7 89 129.5 116 72.4 143 129.8

63 77.2 90 130.1 117 '11.8 144 129.9

64 72.9 91 130.0 118 89.7 145 74.8

65 71.9 92 129.9 119 63.8 146 88.4

66 86.2 93 74.8 120 72.4 147 101.5

67 64.1 94 88.6 121 74.3 148 97.6

68 73.2 95 103.2 122 72.4 149 101.2

69 74.9 96 97.8 123 77.5 150 101.6

70 72.5 97 101.5 124 82.8 151 97.9

71 76.6 98 102.4 125 91.8 152 102.0

72 84.5 99 97.3 126 95.9 157 73.3

73 92.6 100 102.4 127 100.7 158 73.3

74 97.0 101 66.9 128 103.2 159 -"

75 100.5 102 78.4 129 71.6 160 -"
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1 Corrected Diffuser Data

Static Pressure, Ps/b (psia)
Test No. 3357, Line 7i Total Area =0.946 in.2

Configuration V-7Throat Size Depth = 0.183 in.

Speed, N/VW= 50,000 rpm Airflow, Wav076 = 2.06 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 63.0 76 94.4 103 61.9 130 68.7
50 70.3 77 67.0 104 65.2 131 68.6
51 60.7 78 68.2 105 66.7 132 70.6
52 64.5 79 68.3 106 64.5 133 72.7
53 65.7 80 70.6 107 64.4 134 83.4
54 63.9 81 73.2 108 69.1 135 88.6
55 63.7 82 83.8 109 63.3 136 89.7
56 70.0 83 69.7 110 65.4 137 92.7
57 59.2 84 68.8 111 66.7 138 107.1
58 64.8 85 78.0 112 87.0 139 115.2

59 65.9 86 107.1 113 68.2 140 122.2
60 81.8 87 115.5 114 68.1 141 ---
61 68.2 88 122.4 115 73.2 142 ---
62 71.4 89 124.4 116 72.0 143 125.5
63 73.8 90 125.5 117 71.6 144 125.8
64 72.5 91 125.7 118 89.7 145 68.6
65 71.6 92 125.8 119 68.7 146 81.6
66 83.2 93 68.6 120 70.2 147 93.4
67 67.6 94 81.7 121 73.2 148 86.1
68 70.7 95 94.7 122 72.6 149 91.7
69 73.7 96 86.3 123 74.5 15o 93.3

70 72.6 97 92.0 124 76.4 151 86.9

71 75.0 98 93.8 125 84.4 152 93.3

72 78.3 99 86.1 126 87.2 157 --

73 84.5 100 93.4 127 91.1 158 ---

74 88.7 101 65.0 128 94.5 159 -"

75 90.8 102 70.0 129 68.2 160
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3358A, Line 3 Throat Size Total Area = 0.946 in.
Configuration V1-8 I Depth = 0.183 in.

Speed, N/VTO'= 50,000 rpm Airflow, WaVr76 = 1.83 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 64.6 76 110.2 i, 48.3 130 69.7
50 85.6 77 72.2 104 70.7 131 71.3
51 44.9 78 69.8 105 67.3 132 76.6
52 72.1 79 71.5 106 66.4 133 86.3
53 67.4 80 16.8 107 64.6 134 97.754 66.8 81 86.7 108 82.3 135 104.5
55 64.2 82 97.6 109 50.0 136 108.0
56 84.0 83 104.3 110 70.8 137 109.4
57 44.4 84 107.8 111 70.4 138 115.0
58 71.5 85 109.5 112 84.4 139 118.759 71.1 86 114.9 113 58.8 140 123.9
60 87.6 87 119.0 114 77.2 141 --
61 59.0 88 123.9 115 77.8 142 ---
62 77.8 89 126.4 116 75.1 143 129.4
63 77.4 90 128.3 117 75.1 144 130.5
64 75.2 91 129.5 118 88.3 145 82.1
65 74.8 92 130.4 119 56.8 146 94.8
66 88.6 93 82.8 120 77.3 147 109.1
67 57.4 94 95.4 121 74.8 148 107.4
68 77.3 95 109.0 122 76;2 149 109.5
69 74.8 96 107.4 123 81.5 150 110.8
70 75.9 97 109.8 124 90,2 151 109.9
71 81.7 98 110.5 125 99.8 152 111.9
72 91.1 99 109.6 126 103.4 157 72.6
73 99A6 100 112.2 127 108.0 158 81.1
74 104.2 101 66.5 128 110.0 159 93.5
75 108.0 102 84.4 129 72.2 160 101.8
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Corrected Diffuser Data

Static Pressure, Ps/& (psia)

Test No. 3358A, Line 5 I Total Area = 0. 9 4 6 in. 2

Configuration V1-8 'Throat Size I Depth 0.183 in.

Speed, N/V--= 50,000 rpm Airflow, WaV076 = 1.95 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 63.9 76 105.9 103 52.8 130 69.1

50 81.2 77 72.0 104 68.3 131 71.1
51 51.7 78 69.0 105 67.8 132 72.7

52 68.3 79 71.2 106 64.7 133 81.5
53 67.5 80 72.9 107 65.8 134 93.3
54 $4.8 81 82.2 108 79.4 135 100.2
55 65.3 82 93.7 109 53.5 136 103.0
56 80.1 83 100.3 110 69.5 137 105.0
57 50.2 84 103.1 111 70.1 138 111.7
58 69.6 85 105.3 112 71.3 139 116.4

59 70.1 86 111.7 113 62.5 140 122.5
60 86.6 87 116.7 114 74.8 141 --

61 62.8 88 122.5 115 77.5 142
62 76.0 89 125.6 116 72.8 143 128.9
63 77.5 90 127.7 117 73.3 144 130.2
64 73.1 91 129.1 118 89.7 145 77.7
65 73.2 92 130.1 119 61.9 146 90.9
66 88.1 93 77.9 120 75.2 147 104.5

67 61.7 94 91.2 121 74.9 148 101.6

68 75.7 95 105.7 122 73.9 149 105.0
69 75.2 96 101.6 123 77.6 150 105.2

70 73.8 97 105.4 124 85.7 151 103.3
71 78.0 98 106.3 125 95.5 152 107.0
72 86.9 99 102.9 126 99.0 157 72.9
73 95.3 100 107.4 127 103.6 158 76.0
74 99.9 101 65.7 128 105.9 159 89.3
75 103.4 102 80.8 129 72.2 160 97.6
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia) I Total Area = 0.946 in2

Test No. 3358A, Line 7 Throat Size ToeptalAr = 0.183 in.

Configuration V1-8

Speed, N/Vj= 50,000 rpm Airflow, Wav-76 = 2.05 lb/sec

Tap Static Tap Static Tap Static Tap Static

No. Pressure No. Pressure No. Pressure No. Pressure

49 62.9 76 96.4 103 59.8 130 68.7

50 73.3 77 68.3 104 65.1 131 68.7

51 58.5 78 68.2 105 66.5 132 71.3

52 64.6 79 68.4 106 64.0 133 74.7
53 65.7 80 71.3 107 64.3 134 85.3
54 63.5 81 75.2 108 71.0 135 90.8
55 63.6 82 85.6 109 61.8 136 92.5
56 71.6 83 91.1 110 65.7 137 95.4
57 57.7 84 92.6 111 67.2 138 104.1
58 65.2 85 95.6 112 87.0 139 109.9
59 66.5 86 104.1 113 67.9 140 117.2
60 82.6 87 110.3 114 70.9 141 ---

61 67.7 88 117.3 115 74.5 142 ---

62 72.0 89 120.8 116 72.2 143 124.8
63 74.9 90 126.3 117 71.8 144 126.1
64 72.6 91 124.9 118 90.0 145 70.5
65 71 8 92 126.0 119 67.8 146 83.3
66 83.9 93 70.4 120 70.7 147 95.4

67 66.7 94 83.4 121 73.3 148 89.3
68 71.3 95 96.8 122 72.6 149 95.4
69 73.8 96 89.5 123 75.3 150 95.8
70 72.6 97 95.7 124V 78.2 151 91.7
71 75.8 98 96.7 125 86.4 152 97.6
72 80.0 99 90.9 126 89.4 157 70.5
73 86.5 100 97.9 127 93.6 158 70.2
74 90.8 101 64.8 128 96.5 159 81.2
75 93.3 102 73.5 129 68.9 160 88.9
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3359, Line 3 T Total Area = 0. 946 in. 2
Configuration V1-9 r Size 1 Depth = 0. 183 1-1.

Speed, N/Vr= 50,000 rpm Airflow, WaV7b = 1.92 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 64.9 76 107.8 103 52.2 130 70.0
50 83 8 77 72.6 104 69.7 131 72.0
51 50.7 78 69.6 105 69.0 132 73.9
52 69.9 79 72.0 106 66.0 133 83.4
53 68.5 80 74.0 107 66.6 134 95.&
54 66.3 81 84.0 108 81.4 135 102.3
55 66.1 82 95.5 109 53.7 136 105.6
56 82.6 83 102.3 110 70.4 137 107.6
57 49.8 84 105.5 111 71.1 138 116.3
58 70.8 85 107.7 112 86.4 139 122.5
S59 71.2 86 116.3 113 62.2 140 128.9
60 87.7 87 122.6 114 75.6 141 --
61 62.0 88 128.9 115 78.3 142 ---
62 76.6 89 131.8 116 73.7 143 134.1
63 78.0 90 133.3 117 74.6 144 134.9
64 73.8 - 1 134.3 118 90.2 145 79.6
65 74.3 92 134.8 119 61.0 146 92.8
66 89.2 93 79.8 120 76.5 147 106.7
67 60.6 94 93.0 121 75.8 148 104.6
68 76.7 95 107.6 122 75. 0 149 107.9
69 75.9 96 104.6 123 79.0 150 107.9
70 74.6 97 108.1 124 37.6 15. 107.5
71 79.2 98 108.6 125 97.5 152 110.0
72 88.7 99 106.1 126 101.2 157 ---73 97.2 100 110.1 127 105.8 158 ---
74 101.9 101 66.8 128 107.9 159 ---
75 105.6 102 8.Q.. 1 129 72.9 160 ---

373

(a



Corrected Diffuser Data
•! Static Pressure, Ps/6 (psia)

Test No. 3359, Line 'Thtroat Size P Total Area = 0.946 in.2

Configuration V1-9 I Depth = 0.183 in.

Speed, N/VT-= 50,000 rpm Airflow, WaVe076 = 1.99 lb/sec

Tap Static Tap Static Tap Static Tap Static

No. Pressure No. Pressure No. Pressure No. Pressure

49 65.2 76 103.7 103 55.7 130 69.7

50 79.6 77 71.4 104 67.6 131 69.2
51 55.0 78 69.5 105 68.7 132 74.0

52 67.4 79 69.2 106 65.0 133 79.7

53 68.2 80 74.1 107 67.5 134 91.5

54 64.7 81 80.3 108 78.3 135 98.2

55 66.9 82 91.9 109 56.8 136 101.0

56 78.8 83 98.4 110 68.4 137 103.5

57 53.5 84 101.0 111 70.1 138 113.3

58 68.1 85 103.7 112 87.2 139 120.0

59 69.8 86 113.4 113 64.2 140 127.2

60 82.8 87 120.3 114 72.8 141
61 64.7 88 127.1 115 77.1 142

62 74.0 89 130.3 116 73.2 143 132.9

63 77.2 90 131.9 117 72.7 144 133.7
64 73.6 91 133.0 118 90.7 145 75.5

65 72.6 92 133.6 119 63.8 146 89.3
66 87.0 93 75.3 120 73.2 147 102.6

67 64.2 94 89.2 121 75.2 148

68 73.8 95 104.1 122 73.1 149 103.9

69 75.6 96 99.4 123 78.5 150 102.8

70 73.0 97 104.2 124 83.7 151 100.6

71 78.9 98 104.1 125 93.5 152 105.4

72 85.1 99 100.0 126 97.0 137 73.9

73 93.3 100 105.8 127 101.5 158 74.4

74 97.9 101 67.1 128 103.8 159 87.4
75 101.1 102 79.5 129 71.8 160 95.6
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3359, Line 7 Throat Size Total Area = 0.946 in. 2

Coifiguration Vl-9 fi Depth =0 183 in.

Speed, N/VO-= 50,000 rpm Airflow, WaVi76 = 2.07 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 62.9 76 93.1 103 62.4 130 68.7
50 70.1 77 67.1 104 65.2 131 68.6
51 61.2 78 68.2 105 66.5 132 70.3
52 64.5 79 68.3 106 64.6 133 72.0
53 65.6 80 70.3 107 64.3 134 83.0
54 63.9 81 72.6 108 68.4 135 88.2
5 t 63.5 82 83.3 109 64.1 136 89.4
56 69.4 83 88.7 110 65.4 137 92.857 60.2 84 89.5 111 66.6 138 106.0
58 64.9 85 93.1 112 87.1 139 113.8
59 65.8 86 106.1 113 68.7 140 122.0
60 82.0 87 114.1 114 70.2 141 ---
61 68.9 88 121.9 115 72.8 142 ---
62 71.4 89 125.1 116 72.0 143 128.0
63 73.4 90 126,9 117 71.7 144 128.8
64 72.6 91 128.0 118 90.0 145 68.3
65 71.8 92 128.7 119 69.0 146 81.4
66 83.3 93 68.1 120 70.2 147 93.5
67 68.0 94 81.2 121 73.1 148 86.1
68 55.9 95 94.5 122 72.6 149 93.4
69 73.7 96 86.2 123 74.2 150 93.7
70 72.7 97 93.7 124 75.7 151 87.9
71 74.8 98 93.9 125 83.9 152
72 77.5 99 87.0 126 86.9 157 69.9
73 84.1 100 095.8 127 90.6 158 --
74 88.2 101 64.8 128 93.2 159 ---
75 90.2 102 69.7 129 67.8 160 ---
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3360, Line 3 T Total Area=0.946 in.2
Configuration V-10 Throat Size pth = 0.183 in.

Speed, N/Vr-= 50,000 rpm Airflow, WaV'7 = 1.92 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 64.4 76 106.6 103 53.3 130 69.6
50 '82.6 77 72.5 104 69.1 131 72.0
51 51.9 78 69.4 105 68.8 132 74.8
52 69.2 79 72.0 106 65.9 133 82.5
53 68.5 80 72.9 107 66.2 134 94.5
54 '66.3 81 83.1 108 80.9 135 101.5
55 65.7 82 94.6 109 54.3 136 104.7
56 81.8 83 101.4 110 70.0 137 106.8
57 50.6 84 104.5 111 70.8 138 110.9
58 70.3 85 106.9 112 86.2 139 123.8
59 70.9 86 116.8 113 62.7 140 130.3
60 86.9 87 123.8 114 75.1 141 ---
61 62.6 88 130.3 115 78.0 142
62 76.0 89 133.0 116 73.5 143 134.8
63 77.8 90 134.2 117 74.3 144 135.2
64 73.5 91 134.8 118 89.9 145 78.7
65 74.0 92 135.1 119 62.1 146 92.0
66 88.7 93 78.9 120 75.7 147 105.8
67 61.5 94 93.2 121 75.6 148 103.6

68 5.9106.9 75.0668 75.9 95 122 75.0 149 107.2
69 75.7 96 103.5 123 77.8 150 106.4
70 74.7 97 107.4 124 86.7 151 104.9
71 78.0 98 107.2 125 96.7 152 108.7
72 87.8 99 104.3 126 100.4 157 72.6
73 96.3 100 108.9 127 104.9 158 76.7

74 101.0 101 66.2 128 106.8 159 90.4
75 104.6 102 82.1 129 72.8 160 98.9
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3360, Line 5 Throa Total Area =0.946 in. 2

Configuration Vl-10 'nroatSize t Depth =0.183 in. }
Speed, N/Vr-= 50,000 rpm Airflow, WaV976 = 2.00 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 65.1 76 103.1 103 56.5 130 69.7
50 68.9 77 71.2 104 67.2 131 69.2
51 55.8 78 69.4 105 68.7 132 73.9
52 67.0 79 69.1 106 65.0 133 79.4
53 68.2 80 73.9 107 67.3 134 91.2
54 64,7 81 80.0 108 78.1 135 97.9
55 66.7 82 91.6 109 57.2 136 100.756 78.6 83 98.1 110 68.3 137 103.2
57 53.9 84 100.8 ill 70,0 138 114.5
58 68.0 85 103.4 112 87.1 139 122.059 69.6 86 114.5 113 64.5 140 129.160 85.1 87 122.1 114 72.7 141
61 65.0 88 129.0 115 77.0 142
62 73.8 89 131.8 116 78.1 W43 133.7
63 77.1 90 133.1 117 72.6 144 134.2
64 73.4 91 133.7 118 90.6 145 75.2
65 72.4 92 134.0 119 64.6 146 89.1
66 86.6 93 75.0 120 72.7 147 102.3
67 64.7 94 89.0 121 75.3 148 99.2
68 73.2 95 103.9 122 73.1 149 103.8
69 75.5 96 99.1 123 68.4 150 102.1
70 72.9 97 104.0 124 83.5 151 99.9
71 78.6 98 103.4 125 93.2 152 104.872 84.8 99 99.1 126 96.7 157 73.8
73 93.0 100 105.1 127 101.1 158 74.1
74 97.6 101 67.1 128 103.4 159 87.3
75 100.7 102 79.0 129 71.7 160 95.4
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)
Test No. 3360, Line 7 Size Tot Area = 0. 94 6 in.2

Configuration V3-0l 'Throat Iz Depth = 0 . 183 in.

Speed, N/V•-= 50,000 rpm Airflow, WaV976 = 2.07 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 63.7 76 94.0 103 62.7 130 68.8
50 71.9 77 67.1 104 65.8 131 68.7
51 61.5 78 68.3 105 67.4 132 70.5
52 65.2 79 68.5 106 65.4 133 72.9
53 66.5 80 70.5 107 65.1 134 83.9
54 64.9 81 73.4 108 70.6 135 89.2
55 64.3 82 84.3 109 64.5 136 90.8
56 71.4 83 89.7 110 66.3 137 94.4
57 60.4 84 90.9 111 67.5 138 108.4
58 65.8 85 94.7 112 87.1 139 116.9
59 66.7 86 108.5 113 68.6 140 124.5
60 82.0 87 117.0 114 70.4 141
61 68.7 88 124.4 115 73.1 142
62 71.6 89 127.1 116 72.1 143 12E.9
63 73.7 90 128.4 117 71.7 144 129.3
64 72.6 91 128.9 118 90.0 145 69.0
65 71.8 92 129.2 119 68.8 146 82.4
66 83.4 93 68.8 120 70.1 147 94.4
67 67.7 94 82.1 121 73.3 148 87.7
68 70.7 95 95.6 122 72.7 149 95.4
69 73.8 96 87.7 123 7 150 94.4
70 72.8 97 95.4 124 76.6 151 88.9
71 74.9 98 94.8 125 84.9 152 97.0
72 78.5 99 87.9 126 87.9 157 70,0
73 85.0 100 97.0 127 91.2 158 69.2
74 89.2 101 65.7 128 94.1 159 79.6
75 91.4 102 71.7 129 67.9 160 87.6
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

2
Test No. 3361, Line 3 roat Size Total Area = 0.946 in.

Configuration VI-10 Depth 0. 183 in.

Speed, Nir-= 50,000 rpm Airflow, WaV976 = 1.93 lb/sec

Tap Static Tap Static Tap Static Tap Static

No. Pressure No. Pressure No. Pressure No. Pressure

49 65.6 76 108.3 103 53.5 130 69.7

50 82.7 77 72.2 104 69.2 131 71.5

51 52.6 78 69.4 105 69.0 132 73.3

52 69.2 79 71.4 106 65.7 133 82.5

53 68.6 80 73.3 107 66.6 134 94.5

54 65.8 81 83.1 108 80.9 135 101.6

55 66.1 82 94.8 109 54.'6 136 106.3

56 81.6 83 101.7 110 69.5 137 108.7

57 52.0 84 106.1 ill 70.8 138 118.4

58 70.0 85 108.8 112 87.3 139 125.2

"59 70.8 86 118.4 113 62.6 140 131.5

60 86.8 87 125.1 114 74.5 141
61 62.8 88 131.4 115 78.0 142

62 75.4 89 134.1 116 73.5 143 135.9

63 77.9 90 135.3 117 74.0 144 136.5

64 73.8 91 136.0 118 90.6 145 78.7

65 73.7 92 136.4 119 61.3 146 91.9

66 88.2 93 78.7 120 75.6 147 104.6

67 63.2 94 92.0 121 75.7 148 106.5
68 75.7 95 106.2 122 74.6 149 109.3

69 75.7 96 106.8 123 78.2 150 105.4
70 74.2 97 109.4 124 87.7 151 107.3
71 78.4 98 106.4 125 96.9 152 110.4
72 87.8 99 107.4 126 101.5 157 74.5
73 96.7 100 110.8 127 106.1 158 80.0

74 101.6 101 66.7 128 108.4 159 90.6

75 105.9 102 82.1 129 72.6 160 99.1
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)
Tet N Total Area =0.946 in.
Test No. 3361, Line 5 froat Size Depth = 0.183 in.
Configuration V1-10

Speed, N/VO= 50,000rpm Airflow, WaV-76 = 1.99 lb/sec

Tap Static Tap Static Tap Static Tap Stptic
No. Pressure No. Pressure No. Pressure No. Pressure

49 65.9 76 75.0 103 56.9 130 70.0
50 78.8 77 52.4 104 67.5 131 69.3
51 56.4 78 51.4 105 68.8 132 73.9
52 67.2 79 51.2 106 65.0 133 79.0
53 68.1 80 54.4 107 67.3 134 S1.0
54 64.7 81 58.2 108 77.8 135 97.8
55 66.6 82 66.1 109 57.7 136 102.2

56 78.1 83 70.3 110 67.8 137 105.0

57 55.5 84 73 .4 111 69.6 138 116.0

58 67.4 85 I-.4 112 88.3 139 123.3
59 69.2 86 82.6 113 64.7 140 130.3

60 61.9 87 87.6 114 72.3 141
61 48.6 88 92.1 115 I6.7 142
62 54.0 89 94.0 116 73.4 143 135.0

63 56.3 90 94.8 117 72.7 144 135.5

64 54.3 91 95.3 118 91.2 145 74.7

65 53.5 92 95.6 119 63.9 146 88.7

66 62.6 93 54.8 120 93.3 147 101.0

67 49.4 94 64.2 121 75.3 148 102.0

68 54.0 95 73.8 122 73.2 149 105.8

69 55.5 96 73.5 123 78.4 150 100.9

70 53.8 97 76.9 124 84.2 151 102.2

71 57.5 98 73.4 125 93.2 152 106.5

72 61.5 99 73.4 126 97.8 157 75.2

S73 67.1 100 76.5 127 102.3 158 77.4

74 70.5 101 67.2 128 104.8 159 87.2

75 73.1 102 78.8 129 71.4 160 95.5

383

INI

______ ________!___



Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3361, Line 7 Thjroat Total Area = 0. 946 n.2

Configuration VI-10 I S eeth = 183 in.

Speed, N/V'O-= 50,000 rpm Airflow, WaVW76 = 2.06 lb/sec/1
Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 63.7 76 96.2 103 62.0 130 68.7
50 70.8 77 66.9 104 65.4 131 68.8
51 61.2 78 63. 2 105 66.5 132 70.3

52 64.6 79 68.4 106 64.6 133 72.7

53 65.5 80 70.3 107 64.2 134 83.9
54 64.2 81 73.2 108 69.7 .135 89.3

55 63.5 82 84.2 109 64.1 136 92.8

56 70.4 83 89.8 110 65.3 137 96.7

57 61.1 84 93.0 111 66.4 138 110.0

58 64.7 85 97.0 112 87.9 139 118.4

59 65.6 86 110.2 113 68.7 140 125.9

60 82.1 87 118.5 114 70.1 141
61 68.6 88 125.8 115 72.7 142
62 71.2 89 128.6 116 72.2 143 103.5

63 73.2 90 129.9 117 71.9 14 130.9
64 72.7 91 130.5 118 90.5 145 68.9
65 71.9 92 130.8 119 68.0 140 82.2
66 82.9 93 68.6 120 70.4 147 9.

67 69.2 94 81.9 121 73.1 148 91.9
68 70.9 95 94.9 122 72.8 149 97.8
69 73.5 96 92.1 123 74.4 150 94.0
70 72.8 97 97.8 124 77.7 151 92.3

71 74.8 98 94.1 125 85.1 152 99.0

72 78.3 99 92.0 126 89.4 157 71.3

73 85.2 100 99.2 127 93.5 158 73.0

74 89.8 101 65.0 128 96.4 159 79.6

75 93.1 102 70.2 129 67.7 160 87.8
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3362, Line 3 .. ... i Total Area =0.946 in. 2

Configuration Vl-10 .nrat SIze Depth =0.183 in.

Speed, N/lv= 50,000 rpm Airflow, WaVi7b = 1.96 lb/sec:

Tap Static Tap Static Tap Static Tap Static

No. Pressure No. Pressure No. Pressure No. Pressure

49 65.9 7E 109.1 103 53.2 130 69.3

50 82.5 77 71.8 104 68.9 131 70.2

51 52.8 78 69.2 105 68.6 132 73.8

52 68.9 79 70.2 106 65.1 133 71.7

53 68.2 80 74.0 107 67.2 134 93.6

54 65.1 81 82.4 108 80.0 135 100.8

55 66.7 82 94.0 109 55.8 136 106.7

56 80.7 83 101.0 110 69.2 137 109.4
57 54.0 84 106.6 111 70.7 138 119.0

58 69.2 85 109.6 112 87.4 1391 125.5

59 70.6 86 119.1 113 63.2 140 131.8

60 86.6 87 125.7 114 73.9 141 ---

61 63.7 88 131.9 115 77.8 142 ---

62 75.0 89 134.5 116 73.2 143 136.4

63 78.0 90 135.8 117 73.4 144 137.1

64 73.6 91 136.6 118 90.6 145 77.8

65 73.3 92 137.1 119 61.4 146 90.8

66 87.7 93 77.9 120 74.9 147 102.4

67 63.5 94 91.0 121 75.1 148 108.3

68 75.3 95 104.5 122 73.6 149 110.3

69 75.3 96 108.9 123 78.6 150 104.2

70 73.5 97 110.5 124 86.9 151 109.3

71 78.9 98 105.9 125 96.2 152 111.7

72 87.2 99 109.8 126 101.1 157 75.6

73 96.6 100 112.2 127 106.3 158 79.6
74 101.3 101 67.0 128 109.1 159 89.8

75 106.2 102 81.9 129 72.1 160 93.4
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3362, Line 5 Throat Size f Total Area = 0.946 in. 2

Configuration Vi-10o Depth = 0.183 in.

Speed, N/'/r-= 50,000rpm Airflow, WaV876 = 2.01 lb/sec

Tap Static Tap Static Tap Static Tap Static

No. Pressure No. Pressure No. Pressure No. Pressure

49 65.6 76 105.8 103 56.2 130 69.5

50 79.5 77 70.6 104 67.5 131 69.0
51 56.0 78 69.3 105 68.5 132 74.1
52 67.2 79 68.9 106 64.9 133 79.0

53 67.9 80 74.3 107 67.0 134 90.5
54 64.5 81 79.7 108 77.3 135 97.3

55 66.4 82 91.0 109 58.9 136 103.1
56 77.7 83 97.8 110 67.7 137 106.1
57 57.0 84 103e2 111 69.7 138 116.7
58 67.3 85 106.5 112 88.1 139 123.9
59 69.2 86 117.0 113 65.2 140 130.8
60 85.2 87 124.1 114 72.0 141
61 65.8 88 130.8 115 76.6 142
62 73.2 89 133.5 116 73.2 143 135.6
63 76.9 90 135.0 117 72.5 144 136.3
64 73.8 91 135.8 118 91.1 145 7-.8
65 72.6 92 136.3 119 63.6 146 88.1

66 86.1 93 74.6 120 72.6 147 99.3

67 66.4 94 88.1 121 74.7 148 104.5

68 73.3 95 101.5 122 72.9 149 107.2

69 75.1 96 105.3 123 '78.5 150 100.5

70-. 72.9 97 107.4 124 84.1 151 105.2

71 "7&9 98 102.5 125 92.8 152 108.5

72 84.6 99 105.7 126 97.8 157 75.2
73 92.8 100 109.0 127 103.0 158 78.0

74 45.8 101 66.8 128 105.8 159 87.0

75 102.7 102 79.3 129 71.0 160 95.3
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Corrected Diffuser Data

Static Pressure, Ps/S (psia)

TestNo. 3362, Line 7 ThrTotal Area = 0.946 in.2

Configuration , Throat Size Depth = 0.183 in.

Speed, N/VT-= 50,000 rpm Airflow, WaV076 = 2.07 lb/sec

Tap Static Tap Static Tap Static Tap S4Atic
No. Pressure No. Pressure No. Pressure No. Pressure

49 63.2 76 96.3 103 62.3 130 68.2

50 70.3 77 66.4 104 65.2 131 68.5

51 61.6 78 67.8 105 65.8 132 70.0

52 64.3 79 68.2 106 64.z 13z M1.5

53 64.8 80 70.2 107 63.9 134 82.4-

54 63.5 81 72.2 108 67.7 135 87.7

55 63.2 82 82.9 109 65.2 136 92.3

56 68.6 83 88.3 110 64.9 137 96.8

57 63.2 84 92.6 111 66.0 138 110.0

58 64.2 85 97.3 112 87M8 139 118.3

59 65.1 86 110.4 113 69.3 140 12.5.9
60 82.0 87 118.6 114 69.6 141
61 69.6 88 126.0 115 72.1 142
62 70.9 89 128.8 116 71.9 143 130.8
63 72.9 90 130.2 117 71.6 144 131.4
64 72.7 91 131.0 118 90.2 145 67.8
65 71.8 92 131.4 119 68.6 146 81.0
66 82.8 93 67. ' 120 69.9 147 92.4
67 69.7 94 80.7 121 72.4 148 93.7
68 70.7 95 93.1 122 72.4 149 98.2
69 73.0 96 94.0 123 74.1 150 93.1
'70 72.6 97 98.2 124 75.4 151 94.0
71 74.7 98 93.3 125 83.6 152 99.7
72 77.1 99 94.2 126 88.0 157 71.6
73 83.9 100 100.0 127 92.8 158 72.8
74 88.6 101 64.5 128 96.4 159 78.0
75 92,5 102 69.6 129 67.0 160 86.5
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Frontplate Tap Numbers - 49 thi

Rearplate Tap Numbers - 101 Ulh

15258

150 ,9 -- ,9

S1.. 052 '30 131 .1 125- .26 4 0 7S
As 04 ~ 5 132 3381 0 27~~~i

1~493 134 2083

?10o 0 135 0584
1469 136 00

1490 Vane

1 139

01,2
114

"05, 9 1

-Figure 257. Locations of Static-Pressure Taps with Respect to Vl-10 Diffuser Vanes.
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Frontplate Tap Numbers -49 thru 100, 157, 158, 159, 160

Rearplate Tap Numbers - 101 thru 152

086

1139 08

I

ori

01

11412

00

14 

91 1409
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Co.*rected Diffuser Data

Static Pressure, Ps/s (psia)

TestNo. 3363, Line 3 Total Area =0.946 in.S ~~~~~~~Throat Size TtlAe .4 n

Configuration VI-11 t Depth = 0.183 in.

"Speed, NiVx-= 50,000 rpm Airflow, WaVi7s = 1.98 lb/sec

Tap Static Tap Static Tap Static Tap Static

No. Pressure Nc. Pressure No. Pressure No. Pressure

49 65.1 76 106.6 103 54.9 130 68.9

50 80.4 77 71.2 104 67.5 131 69.3

51 55.0 78 68.9 105 68.1 132 73.9

52 67.4 79 69.4 106 641.6 133 80.3
53 67.6 80 74.2 107 67.5 134 91.9

54 64.6 81 81.1 108 78.8 135 98.8

55 67.0 82 92.5 109 56.5 ;36 304.5

56 54.9 83 99.4 110 68.7 137 107.4

57 68.4 84 104.6 ill 70.5 138 115.0

58 79.2 85 107.7 112 87.6 139 121.8

59 70.1 86 115.2 113 63.3 140 129.6

60 85.5 87 122.1 11 72.8 141
61 64.3 88 129.6 115 77.0 14262 74.3 89 132.9 116 72.3 143 135.3

63 77.5 90 134.6 117 72.0 144 136.1

64 73.1 91 135.4 118 90.4 145 76.2

65 72.2 92 135.9 119 62.5 146 89.3

66 86.2 93 76.3 120 72.9 147 100.7
67 65.2 94 89.6 121 74.2 148 106.2

68 73.7 95 103.2 122 72.7 149 108.7

69 74.8 96 106.4 123 78.4 150 102.1

70 72.9 97 108.9 124 85.3 151 105.6

71 79.0 98 103.7 125 94.2 152 109.2

72 85.9 9 106.6 126 99.2 157 75.7

73 94.3 100 109.7 127 104.2 158 78.8

74 99.5 101 67.0 128 106.6 159 88.4

75 104.0 102 80.2 129 71.3 160 96.8
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3363, Line 5 jTotal Area 0. 46 in.
Configuration - Size LDepth =0. 183 in.

Speed, N/VT-= 50,000 rpm Airflow, WaVr7b = 2.01 lb/sec

I

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 65.3 76 104.6 103 57.3 130 69.0
50 78.5 77 70.1 104 66.7 131 68.8
51 57.2 78 69.0 105 68.0 132 73.6
52 66.5 79 68.9 106 64.7 133 78.853 67.4 80 74.0 107 66.5 134 90,0
54 64.5 81 80.0 108 76.9 135 96.655 66.0 82 90.6 109 58.8 136 102.256 5740 83 97.3 110 67.7 137 105.457 67.2 84 102.4 111 69.5 138 113.5
58 77.2 85 105.8 112 88.1 139 120.9
59 69.0 86 113.7 113 65.0 140 129.0
60 84.8 87 121.1 114 71.8 141
61 65.7 88 129.0 115 76.2 142
62 73.3 89 132.5 116 72.6 143 134.9
63 76.7 90 134.1 117 72.0 144 135.7
64 73.4 91 135.1 118 90.9 145 74.665 72.3 92 135.6 119 64.4 146 87.6
66 85.3 93 74.6 120 71.8 147 98.7
67 66.9 94 87.7 121 74.0 148 103.7
68 72.7 95 101.2 122 72.7 149 106.8
69 74.8 96 103.9 123 78.0 150 100.0
70 73.0 97 107.0 124 83.7 151 102.771 78.7 98 101.3 125 92.2 152 107.1
72 84,4 99 103.7 126 97.1 157 74.673 92.3 100 107.6 127 102.0 158 78.0
74 97.5 101 66.6 128 104.5 159 86.6
75 101.8 102 78.4 129 70.3 160 94.7
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Total Area = 0.946 in. 2
Test No. 3363, Line? 7Throat Size .Dph0 1 3 .Configuration VI-l1 Depth =0183 in.

Speed, N/VOf= 50,000 rpm Airflow, WaVe-07 = 2.06 lb/sec

Zap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 63.6 76 95.2 103 (L.9 130 68.1

50 70.2 77 66.9 104 65.1 131 68.6
51 62.3 78 67.7 105 66.0 132 70.0

52 64,5 79 68.3 106 64.2 133 72.0
53 65.1 80 70.1 107 64.1 134 82.4
54 63.7 81 72.6 108 68.1 135 87.6

55 63.5 82 82.8 109 64.7 136 92.2

56 62.6 83 88.2 110 65.3 137 96.3
57 64.7 84 92.4 111 66.5 138 106.6

58 68.9 95 96.6 112 87.4 139 115.1

59 65.7 86 106.7 113 68.8 140 124.3

60 81.8 87 115.3 114 69.9 141
61 69.1 88 124.3 115 72.8 142
62 71.3 89 128.2 116 71.5 143 130.8

63 73.5 90 130.1 117 71.3 144 131.7

64 72.2 91 131.1 118 89.7 145 68.0

65 71.6 92 131.6 119 68.3 146 80.6

66 82.5 93 68.1 120 70.1 147 91.8

67 69.8 9 80.6 121 72.3 148

68 70.8 95 92.8 122 72.5 149 97,6

69 73.0 96 83.3 123 74.0 150 92.7

70 72.6 97 97.8 124 76.7 151 92.7 I
71 74.7 98 92.8 125 83.5 152 98.8

72 77.4 99 93.4 126 87.9 157 71.9

73 83.8 100 9'.2 127 92.4 158 72.8

74 88.4 101 64.9 128 95.4 159 78.2

75 92.1 102 69,5 129 67.5 160 86.3
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Configuo.3tion 3 Throat SizeV Total Area = 0.946 in. 2

Cs tNo n 3 Depth = 0.183 in.

Speed, N/'V-.W= 50,000 rpm Airflow, WaV-76 = 1.96 lb/sec

Tap Static Tap Static Tap Static Tap Static

No. Pressure No. Pressure No. Pressure No. Pressure

49 65.9 76 110.1 103 54.2 130 69.4

50 81.7 77 71.9 104 68.3 131 70.4

51 53.9 78 69.4 105 68.6 132 74.3
52 68.2 79 70.6 106 65.3 133 82.4

53 68.2 80 74.6 107 67.4 134 94.3

54 65.3 81 83.2 108 80.7 135 101.5

55 67.0 82 94.7 109 54.9 136
56 53.3 83 101.6 110 69.3 137 111.0

57 69.2 84 108.5 ill 70.8 138 118.3.

58 81.1 85/ 111.3 112 88.3 139 124.5

59 70.7 8& 118.3 113 62.6 140 131.7

60 86.7 87 124.8 114 73.8 141

61 63.2 88 131.8 115 77.7 142
62 75.2 89 134.8 116 72.9 143 137.0

63 78.0 90 136.5 117 72.7 144 137.8

64 73.4 91 137.3 118 90.9 145 78.7

65 73.0 92 137.8 119 61.9 146 91.6

66 87.4 93 78.6 120 74.1 147 103.1

67 6.6 94 91.6 121 74.8 148 109.7
68 74.8 95 105.2 122 73.6 149 112.4

69 75.4 96 110.7 123 79.2 150 103.2

70 73.8 97 112.5 124 88.2 151 111.0

71 79.7 98 104.9 125 96.9 152 113.3

72 88.1 99 111.4 126 102.2 157 76.0
73 96.8 100 113.9 127 107.5 158 80.6

74 102.1 101 67.0 128 110.0 159 90.6
75 107.3 1O 81.4 129 72.0 160 99.2
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Corrected Diffuser Data
Static Pressure, Ps/& (psia)

Test No. 3364, Line 5 S Total Area = 0.946in. 2

Configuration Vi-li Throat Size I Depth = 0.183 in.

Speed, N/VO-= 50,000 rpm Airflow, WaVe76 = 2.02 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 65.2 76 106.9 103 57.7 130 69.1

50 78.4 77 70.2 104 66.9 131 69.1
51 57.1 78 69.1 105 68.0 132 74.0
52 66.6 79 69.2 106 64.9 133 79.8
53 67.3 80 74.3 107 66.7 134 91.1
54 64.6 81 80.6 108 78.0 135 98.0
55 66.2 82 91.6 109 57.9 136
56 56.2 83 98.4 It0 67.8 137 107.9
57 67.3 84 105.1 111 69.6 138 115.6

58 78.1 85 108.2 112 88.4 139 122.6
59 69.1 86 115.8 113 64.5 140 130.3
60 85.1 87 122.9 114 72.0 141
61 65.3 88 130.4 115 76.3 142
62 73.4 89 133.7 116 72.6 143 135.9
63 76.9 90 135.4 117 72.1 144 136.6
64 73.4 91 136.3 118 91.1 145 75.9
65 72.6 92 136.8 119 64.6 146 88.7
66 85.5 93 75.6 120 72.0 147 100.0
67 67.3 94 88.6 121 73.9 .48 105.9
68 72.9 95 102.1 122 72.9 149 109.4
69 74.8 96 107.1 123 78.5 150 99.2
70 73.2 97 109.5 124 85.5 151 106.7
71 79.1 98 100.6 125 93.5 152 109.7
72 85.5 99 107.1 126 98.9 157 74.9
73 93.6 100 110.3 127 104.0 158 78.8
74 98.9 101 66.5 128 106.9 159 87.7
75 103.8 102 78.3 129 70.4 160 95.9

395

I
I -

IT .. .



Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3364, Line 7 TotalArea.= 0 9 4 6 In
Configuration VI-I1 Throat Size Depth =0.4 In. I

Speed, N/V6"%-- 50,000 rpm Airflow, WaVj•6 = 2.06 Ib/ses

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 63.9 76 99.1 103 62.6 130 68.4
50 71.5 77 67.3 104 65.5 131 68.8
51 61.7 78 '68.3 105 66.5 132 70.5
52 64.8 79 68.8 106 64.7 133 72.9
53 65.5 80 70.8 107 64.5 134 84.2
54 G4.1 81 73.8 108 70.4 135 89.8
55 63.9 82 84.8 109 64,3 136
56 61.9 83 90.4 110 65.6 137 100.1
57 65.0 84 96.7 I 66.8 138 109.7
58 70.8 35 100.5 112 88.2 139 118.1
59 65.9 86 110.0 113 68.7 140 126.8
60 82.8 87 118.2 114 70.3 141
61 68.8 88 126.8 115 72.8 142
62 71.7 89 130.7 116 71.9 143 133.1
63 73.7 90 132.6 117 71.6 144 134.064 72.8 91 133.5 118 90.5 145 69.1
65 72.2 92 134.0 119 68.4 146 82.7

66 83.4 93 69.0 120 70.3 147 93.7
67 69.9 94 82.3 121 72.7 148 96.7
68 71.1 95 94.7 122 72.7 149 101.8
69 73.6 96 98.0 123 74.6 150 94.0
70 73.1 97 101.9 124' 78.7 151 98.9
71 75.3 98 93.9 125 85.6 152 103.3
72 78.8 99 98.9 126 90.6 157 72.5
73 85.9 100 103.8 127 95.6 158 73.5
74 90.9 101 65.2 128 99.1 159 80.3
75 95.5 102 71.0 129 67.6 160 88.4
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3365, Lim, s • 3 Total Area = 0.946 in. 2

Test No 3365,Lir~~iThroat Size Det
Configuration V1-12 Depth 0.'183in.

Speed, N/lV--= 50,000 rpm Airflow, WaV•7b = 1.95 lb/sec

Tap Static Tap Static Tap Static Tap Static

No. Pressure No. Pressure No. Pressure No. Pressure

49 66.7 76 164.9 103 57.9 130 69.6

50 80.2 77 69.7 104 65.0 131 72.1

51 56.7 78 69.8 105 67.8 132 73.3

52 64.5 79 72.3 106 66.6 133 79.6

53 67.6 P.0 73.6 107 67.5 134 92.5
54 66.5 81 80.4 108 78.7 135 98.5

55 67.1 82 92.0 109 58.2 136 102.5

56 56.7 83 98.9 110 65.0 137 105.7

57 64.9 84 102.6 ill 88.2 138 113.7
58 79.2 85 105.9 112 87.4 139 120.9
59 67.9 86 113.9 113 72.9 140 129.1

60 85.8 87 121.2 114 68.7 141
61 68.1 88 129.2 115 75.7 142
62 69.6 89 132.7 116 73.9 143 135.0

63 75.5 90 134.5 117 74.1 144 135.9

64 74.4 91 135.4 118 90.5 .45 75.5

65 74.1 92 135.9 119 76.4 146 90.3

66 87.6 93 75.6 120 69.1 147 102.2
67 73.2 94 89.5 121 74.3 148 101.5

68 69.0 95 103.6 122 75.4 149 106.8
69 74.7 96 101.9 123 77.8 150 102.5

70 75.5 97 107.2 124 85.6 151 102.4

71 78.2 98 102.8 125 93.7 152 107.8

72 85.1 99 102.0 126 98.8 157 75.6

73 93.6 100 108.4 127 102.7 158 77.5
74 98.7 101 67.1 128 104.9 159 87.7
75 102.5 102 79.8 129 69.6 160 95.9
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Corrected Diffuser Data

Static Pressure, Ps/& (psia)

Test No. 3365, Line 5 Throat Size Total Area =0.946 in. 2

Configuration Vl-12 iz Depth =0.183 in.

Speed, N/IV'"= 50,000 rpm Airflow, WaVj76 = 2.02 lb/sec

Tap Static Tap Static Tap Static Tap Static

No. Pressure No. Pressure No. Pressure No. Pressure

49 66.4 76 98.8 103 62.7 130 68.7

50 73.8 77 67.2 104 63.9 131 70.9

51 61.6 78 68.8 1C5 66.6 132 72.0

52 63.4 79 71.0 106 66.2 133 74.9

53 65.8 80 72.4 107 66.2 134 87.0

54 65.8 81 75.8 108 72.2 135 92.2

55 65.7 82 86.6 109 63.1 136 95.9

56 61.2 83 92.9 110 63.5 137 99.7

57 63.4 84 96.3 111 65.9 138 109.2

58 72.6 85 100.1 112 87.8 139 117.5

59 65.4 86 109.6 113 76Me 140 126.6

60 83.9 87 117.8 114 67.6 141

61 72.9 88 126.7 115 72.9 142

62 68.7 89 130.6 116 73.1 143 133.0

63 73.2 90 132.4 117 73.8 144 133.8

64 73.8 91 133.4 118 90.5 145 71.0

65 73.9 92 133.9 119 81.0 146 84.5

66 85.1 93 70.9 120 67.8 147 96.5

67 78.6 94 84.2 121 73.0 148 94.4

68 67.9 95 97.7 122 74.8 149 101.1

69 73.6 96 94.8 123 76.3 150 96.6

70 75.0 97 101.4 124 60.8 151 95.1

71 76.8 98 96.4 125 87.7 152 102.1

72 80.6 99 94.5 126 92.7 157 73.9

73 87.8 100 102.6 127 96.5 158 75.1

74 92.7 101 67.0 128 98.9 159 82.1

75 96.3 102 73.6 129 67.3 160 90.2
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3365, Line 7 { Total Area = 0.946 in. 2

Configuration V1-12 Throat Size Depth = 0.183 in.

Speed, N/VO"= 50,000 rpm Airflow, WaVr07/ = 2.06 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 64.9 76 89.1 103 66.6 130 67.7
50 65.8 77 64.6 104 62.7 131 70.4
51 66.1 78 67.5 105 64.4 132 70.3
52 62.1 79 70.2 106 65.5 133 70.4
53 63.6 80 70.4 107 64.7 134 78.3
54 64.8 81 71.0 108 64.5 135 83.0
55 64.1 82 77.3 109 67.6 136 84.2
556 66.3 83 83.6 110 62.4 137 90.3
57 62.2 84 84.5 ill 63.9 138 102.4
58 64.5 85 90.7 112 87.4 139 111.9
59 63.1 86 102.6 113 79.6 140 122.0
60 82.0 87 112M2 114 66.7 141
61 76.2 88 122.1 115 70.2 142
62 67.8 89 126.3 116 71.9 143 128.9
63 70.7 90 128.4 117 73.0 144 129.8
64 72.6 91 129.3 118 89.3 145 67.1
65 73.1 92 129.9 119 81.1 146 75.8
66 82.9 93 66.9 120 66.7 147 88.9
67 79.5 94 75.2 121 71.0 148 82.5
68 66.9 95 89.4 122 74.2 149 91.7
69 71.6 96 82.8 123 74.3 150 91.1
70 74.5 97 92.1 124 75.6 151 83,8
71 74.8 98 89.7 125 77.6 152 93.8
72 75.2 99 83.5 126 83.1 157 72.6
73 77.7 100 94.1 127 85.5 158 72.4
74 83.1 101 65.7 128 89.3 159 73.5
75 85.3 102 65.1 129 65.1 160 81.8
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III

Frontp]kt Tap Numbers - 49 thru
--57 Rearplate Tap Numbers - 101 thU

1SO

9915 too15 0

ISO 070
121' 1202101

0'0 1 2- .1 _62

714 6 0 07 13 6 A 7

"0 0 13980

A 0

"S 13 15 2 0517

% 5 116

S Figure 258. locations of Static-Pressure Taps with Respect to VI-li and 71-12

Diffuser Vanes.
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FrentplatOa Tap Numbers - 49 thrtu 100, 157, 1589 159, 160

Rearplate Tap Numbcrs - 101 tftru 152
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Corrected Diffuser Data

Static Pressure, Ps/b (paia)

Test No. 3366, Line 3 Throat S Total Area = 0.865 in. 2

Configuration V3 Throat Size Depth = 0.203 in.

Speed, N/V9= 50,000 rpm Airflow, WaVe'7/ = 1.80 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 70.2 76 108.3 103 54.0 130 71.8
50 75.5 77 74.0 104 73.1 131 75.A
51 51.9 78 71.4 105 69.6 132 76.M
52 73.0 79 75.8 106 68.4 133 73.9
53 69.3 80 76.6 107 70.4 134 92.0
54 68.4 81 73.1 108 76.0 135 98.4
55 69.6 82 90.6 109 54.1 136 102.5
56 51.8 83 97.7 110 73.2 137 107.7
57 73.2 84 101.7 111 72.8 138 120.3
58 76.6 85 107.4 112 87.8 139 126.2
59 72.7 86 120.0 113 61.4 140 1319
60 91.6 87 126.1 114 78.9 141
61 60.8 88 131.9 115 80.4 142
62 79.3 89 133.7 116 77.4 143 134.8
63 £0.0 90 134.5 117 79.8 144 135.1
64 77.3 91 134.9 118 88.4 145 70.7
65 78.7 92 135.0 119 63.4 146 89.4

66 89.6 93 70.8 120 79.7 147 103.8
67 62.8 94 90.2 121 77.9 148 101.7
68 79.1 95 103.9 122 80.2 149 108.1

69 77.1 96 101.6 123 82.3 150 103.7
70 79.5 97 108.1 124 75.0 151 103.0
71 81.7 98 103.3 125 91.0 152 108.8
72 74.0 99 102.1 126 97.7 157 79.0
73 90.6 100 109.2 127 101.4 158 77.8
74 97.2 101 70.4 128 108.4 159 74.1

75 100o15 102 75.6 129 74.0 160 94.4
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3366, Line 5 Throat Size Total Area = 0.865 in.2

Configuration V2 Iz Depth = 0.203 in.

Speed, N/Nrg-= 50,000 rpm Airflow, Wav-/b = 1.88 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 70.0 76 104.9 103 56.1 130 71.4
50 65.3 77 73.4 104 71.7 131 74.0
51 57.2 78 71.0 105 69.3 132 76.7
52 70.7 79 74.3 106 67.9 133 74.2
53 68.3 80 76.8 107 70.5 134 87.3
54 67.2 81 73.9 108 68.0 135 94.2
55 68.9 82 86.6 109 55.8 136 97.8
56 56.5 83 93.9 110 72.3 137 104.1
57 71.2 84 97.2 ill 74.4 138 118 0
58 67.9 85 103.9 112 88.7 139 124.1
59 71.2 86 117.8 113 63.8 140 129.9
60 89.7 87 124.1 114 77.5 141
61 63.8 88 129.9 115 79.7 142
62 78.6 89 131.7 116 77.0 143 132..7
63 79.9 90 132.5 117 78.9 144 132.9
64 77.2 91 132.8 118 88.7 145 71.1
65 78.0 92 132.8 119 65.6 146 85.1
66 87.4 93 71.2 120 77.9 147 98.9
67 66.1 94 86.4 121 77.0 148 97.2

68 77.9 95 101.1 122 79.0 149 104.7

69 76.7 96 97.1 123 82.4 150 98.4
70 78.5 97 105.0 124 75.3 151 98.2
71 81.8 98 99.9 125 85.3 152 105.2

72 74.5 99 97.1 126 93.8 157 78.8
73 85.0 100 105.8 127 96.8 158 78.3
74 93.2 101 70.9 128 105.2 159 67.2

75 95.8 102 65.9 129 73.7 160 90.9
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3366, Line 7 Trat Siz TotalArea = 0.865 in. 2

Configuration V2 ra Depth = 0.203 in.

Speed, N/%r= 50,000 rpm Airflow, WaV876 = 1.95 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 69.1 76 93.5 103 71.9 130 64.2
50 62.1 77 71.9 104 74.1 131 69.3
51 63.0 78 70.9 105 76.4 132 69.3
52 68.0 79 74.0 106 74.8 133 68.4
53 68.0 80 76.3 107 66.3 134 69.6
54 67.2 81 74.3 108 85.8 135 65.9
55 67.7 82 63.5 109 76.4 13G 62.7
56 61.4 83 85.9 110 94.1 137 70.1
57 68.9 64 74.5 111 111.8 138 70.4
58 64.3 85 93.8 112 119.6 139 89.2
59 69.0 86 111.7 113 126.5 140 69.4
60 86.5 87 119.6 114 141 75.7
6i 69.4 88 126.3 115 142 78.1
62 76.8 89 128.2 116 129.3 143 77.4
63 78.4 90 128.9 117 129..5 144 79.5
64 77.5 91 129.2 118 71.5 145 88.5
65 78.5 92 129.2 119 66.4 146 71.5
66 83.9 93 71.2 120 90.3 147 75.3
67 71.4 94 64.5 121 78.6 148 77.2
68 75.2 95 94.9 122 9,1.8 149 79.5
69 77.0 96 77.1 123 88.7 150 82.0
70 79.0 97 95.1 124 83.7 151 76.1
71 81.5 98 92.2 125 96.2 152 65.8
72 75.0 99 81.1 126 78.1 157 84.2
73 64.9 100 96.9 127 78.5 158 76.4
74 83.3 101 70.7 128 67.4 159 94.2

75 75.8 102 63.5 ' 129 75.2 160 73.0
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3367, Line 3 1 Total Area =0.865 in. 2

Configuration V2 Throat Size I Depth =0.203 in.

Speed, N/VW'= 50,000 rpm Airflow, WaV'7/ = 1.82 lb/sec

Tap Static Tap Static Tap Static Tap Static

No. Pressure No. Pressure No. Pressure No. Pressure

49 70.0 76 108.3 103 54.3 130 71.6

50 74.6 77 74.2 104 73.0 131 75.6

51 52.7 78 71.5 105 69.5 132 76.9

52 72.8 79 76.0 106 68.5 133 73.7

53 69.0 80 76.9 107 70.5 134 91.9

54 68.3 81 73.8 108 75.7 135 98.2

55 69.5 82 90.8 109 54.3 136 102.4

56 52.5 83 97.8 110 73.5 137 107.6

57 73.3 84 101.8 ill 72.8 138 120.2

58 76.0 85 107.5 112 87.3 139 126.1

59 72.7 86 120.2 113 61.8 140 131.8

60 92.1 87 126.1 114 78.9 141
61 61.3 88 131.9 115 80.4 142

62 79.7 89 133.7 116 77.5 143 134.8

63 80.3 90 134.6 117 80.1 144 135.1

64 77.6 91 134.9 118 88.2 145 70.6

65 79.1 92 135.1 119 63.0 146 89.4

66 89.8 93 71.0 120 79.5 147 103.6

67 63.4 94 90.4 121 77.6 148 101.5

68 79.1 95 104.3 122 80.2 149 108.0

69 77.2 96 101.6 123 82.3 150 103.5

70 80.0 97 108.2 124 74.9 151 103.2

71 81.9 98 103.9 125 90.9 152 109.0

72 74.2 99 102.4 126 97.5 157 79.0

73 90.1 100 109.7 127 101.2 158 77.8

74 97.3 101 70.3 128 108.3 159 73.8

75 1U0.6 102 75.4 129 73.8 160 94.3
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3367, Line 5 TraSie Total Area =0. 865 in.2

Configuration V2 Throat Size Depth =00. 2803 in.

Speed, N/VO= 50,000 rpm Airflow, WaVi76 = 1.88 lb/sec

Tap . ;atic Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 70.0 76 104.5 103 57.3 130 71.5

50 64.4 77 73.5 104 71.3 131 74.1

51 58.3 ',8 71.0 105 69.4 132 77.0

52 70.2 79 74.4 106 68.1 133 74.3

53 68.3 80 77.0 107 70.7 134 86.3

54 67.3 81 74.5 108 67.2 135 93.7

55 69.0 82 85.5 109 56.8 136 97.1

56 57.5 83 93.5 110 72.4 137 103.8

57 71.2 84 96.5 ill 72.4 138 117.9

58 66.9 85 103.6 112 88.9 139 124.1

59 71.3 86 117.8 113 64.6 140 129.9
60 89.9 87 124.1 114 77.6 141
61 64.5 88 129.9 115 79.8 142
62 78.7 89 131.7 116 77.3 143 132.6

63 80.1 90 132.4 117 79.3 144 132.8
64 77.5 91 132.7 118 88.8 145 71.3
65 78.2 92 132.8 119 65.9 146 84.2
66 87.4 93 71.3 120 77.5 147 98.5
67 67.0 94 85.5 121 77.1 148 96.5
68 77.3 95 101.0 122 79.2 149 104.3
69 76.8 96 96.4 123 82.6 150 97.9
70 78.9 97 104.4 124 75.5 151 98.0
71 82.0 98 100.1 125 83.9 152 105.3
72 74.8 99 96.7 126 93.4 157 78.9
73 83.7 100 91.0 127 96.1 158 78.5
74 92.8 101 70.9 128 104.9 159 67.2

75 95.0 102 65.3 129 73.8 160 90.3
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)
S•I Total Area =0.865 in.2

Test No. 3367, Line 7 Throat Size Depth =0.203 in.

Configuration V2

Speed, N/V-'= 50,000 rpm Airflow, WaV076 = 1.94 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 69.1 76 96.2 103 64.2 130 71.6

50 62.0 77 72.0 104 69.4 131 74.1

51 62.9 78 57.2 105 69.2 132 76.5

52 68.2 79 74.1 106 68.4 133 74.5

53 67.9 80 76.5 107 69.9 134 67.0

54 67.2 81 74.7 108 65.7 135 86.2

55 67.9 82 64.0 109 62.9 136 83.3

56 61.5 83 86.4 110 70.5 137 96.0
57 69.2 84 82.4 ill 70.6 138 112.8

58 64.2 85 95.8 112 88.9 139 120.2

59 69.4 86 112.9 113 69.2 140 126.7

60 87.0 87 120.3 114 75.9 141
Al 69.2 88 126.6 115 78.2 142
62 77.1 89 128.5 116 77.4 143 129.4

63 78.6 90 129.2 479.5 4 129.5

64 77.8 91 129.5 118 88.0 145 71.4

65 78.6 92 129.5 119 70.4 146 68.0

66 84.6 93 71.3 120 75.4 147 90.8

67 71.1 94 65.9 121 76.9 148 84.0

;I8 75.3 95 95.5 122 79.4 149 96.7

69 76.9 96 84.1 123 82.1 150 89.4

70 79.2 97 97.0 124 75.8 151 87.8

71 81.6 98 93.5 125 66.2 152 98.1

72 75.0 99 86.5 126 84.8 157 78.2

73 65.5 100 98.8 127 81.9 158 78.4

74 84.2 101 70.6 128 96.7 159 67.3
75 81.0 102 63.4 129 72.7 160 67.3
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Frontplato Tap Numbers - 49 thru 10

137 Rearplito Tap Numbers - 101 thrmu I

0

13081 It,

0 9G
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Frontplate Tap Numbers - 49 thru 100, 157, 158, 159, 160

flearplate Tap Numbers - 101 thru 152

086
1381 

8

0688

1140

11

0599

1111
0609

1 142

1413091
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Corrected Diffuser Data

Static Pressure, Ps/6 (psia)

Test No. 3368, Line 5 Throat Size Total Area = 0.950 in.
Configuration V2-1 I Depth = 0.203 in.

Speed, N/VG-= 50,000 rpm Airflow, WaV676 = 2.03 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 67.4 76 104.0 103 53.4 130 70.0

50 72.2 77 71.5 104 67.9 131 69.8

51 55.9 78 69.4 105 69.1 132 74.0

52 66.6 79 70.0 106 65.4 133 74.0

53 67.7 80 74.4 107 67.4 134 88.2

54 64.3 81 74.6 108 74.6 135 93.7

55 65.8 82 88.1 109 54.6 136 97.4

56 74.3 83 94.5 110 68.5 137 103.0

57 56.2 84 97.5 111 70.8 138 116.2

58 67.1 85 103.6 112 88.4 139 122.8

59 69.5 86 117.0 113 62.6 140 129.0

60 85.0 87 123.5 114 72.6 141
61 62.7 88 129.6 115 77.3 142
62 74.3 89 131t 8 116 73.4 143 132.4

63 78.4 90 132.7 117 74.2 144 132.7

64 74.6 91 133.2 118 89.4 145 70.9

65 74.1 92 133.3 119 62.9 146 86.4

66 84.0 93 70.6 120 72.8 147 98.1

67 64.2 94 86.8 121 75,7 148 96.1

66 73.1 95 101.5 122 74.4 149 103.8

69 76.3 96 97.1 123 78.8 150 97.7

70 74.9 97 104.1 124 78.8 161 98.1

71 79.0 98 101.2 125 88.5 152 104.7

72 78.0 99 97.5 126 93.5 157 75.2
7. 88.3 100 105.7 127 96.2 158 76.5
74 93.3 101 68.8 128 103.8 159 79.4
75 95.9 102 73.3 129 71.9 160 91.3
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3368, Line 7 Throat Size Total Area = 0.950 in. 2
Configuration V2-1 Depth = 0.203 in.

Speed, N/VT= 50,000 rpm Airflow, WaVro7b = 2.11 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 65.6 76 '95.3 103 61.7 130 70.2
50 64.2 77 68.1 104 66.4 131 70.7
51 63.3 78 69.1 105 67.9 132 72.3
52 65.0 79 70.3 106 66.0 133 72.0
53 66.3 80 72.1 107 65.9 134 75.9
54 64.5 81 72.2 108 65.6 135 85.1
55 64.1 82 73.4 109 63.7 136 83.3
56 64.8 83 85.6 110 66.4 137 94.8
57 61.1 84 82.3 ill 67.9 138 111.3
58 65.3 85 94.9 112 89.5 139 119.2
59 66.6 86 111.6 113 68.8 140 125.7
60 82.4 87 119,1 114 71.6 141
GI 68,2 88 125.6 115 74.8 142
62 72.7 89 127.7 116 73.8 143 128.9
63 75.6 90 128.6 117 74.7 144 129.2
64 74.4 91 129.0 118 89.6 145 69.1
65 74.3 92 129.1 119 68.3 146 75.0
66 81.3 93 68.3 120 71.6 147 41.9
67 68.2 94 75.3 121 75.1 148 83.4
68 71.5 95 94.3 122 75.2 149 95.8
69 75.4 96 83.0 123 77.1 150 90.470 75.6 97 95.7 124 76.7 151 87.0

71 77.1 98 93.0 125 71.7 152 97.5
72 75.6 99 85.4 126 84.6 157 73.9
73 71.6 100 97.9 127 81.0 158 74.6
74 83.9 101 67.0 128 95.6 159 70.8
75 80.4 102 65.9 129 69.1 160 83.7
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b," CASSIFIO

Fiontplate Tap Nunbers - 49 thr

157 Rearplate Tap Numbers - 101 thi
158

ISO
991,2,100 G0O

00,1518950 10".02 00123 006707

0 
O 0 

06 

12,2

067 54 013.72 0, 174
06 1802 1 01, 0 8 133 024 12 "~ 0 2

118 v--- I0 053 132 0 1 30 06 4MS9 9 135 0 841460~ 95 30 0

0 480 
0113

0 01 3 9

1006

'000

06

116 0

Figure 260. Locations of Static-Pressure Taps with Respect to V2-1 Diffuser Vanes.
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Frontplate Tap Numbers - 49 thru 100, 157, 158, 159, 160

Rearplate Tap Numbers - 101 thru 152
/

088

13087

08

8 3

1116

11 14

144092
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Corrected Diffuser Data

Static Pressure, Ps/b (psia)

Test No. 3369, Line 3 Total Area = 0.862 in.2

Configuration V2-2 Throat Size I Depth = 0.158 in.

Speed, N/VU-= 50, 000 rpm Airflow, WaV'76 = 1.86 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 66.4 76 101.3 103 60.7 130 69.6
50 76.6 77 69.7 104 68.9 131 70.0
51 59.3 78 68.6 105 68.3 132 73.4
52 67.5 79 69.5 106 65.8 133 79.9
53 66.9 80 74.4 107 66.8 134 89.5
54 64.5 81 80.1 108 77.4 135 92.6
55 65.4 82 88.9 109 63.9 136 95.3
56 76.9 83 93.0 110 68.8 137 100.8
57 61.4 84 95.0 11, 70.3 138 113.4
58 67.6 85 101.0 112 92.4 139 120.1
59 68.9 86 113.6 113 69.5 140 126.6
60 85.0 87 119.9 114 72.8 141
61 69.4 88 126.5 115 76.3 142
62 73.8 89 129.3 116 73.1 143 131.7
63 76.8 90 130.9 117 73.0 144 132.3
64 73.5 91 131.7 118 93.1 145 76.6
65 72.5 92 132.2 119 64.5 146 87.6
66 84.2 93 75.2 120 73,5147 99.6
67 68.4 94 86.6 121 74.3 148 93.7
68 73.4 95 99.7 122 73.4 149 101.8
69 74.5 96 93.4 123 78.8 150 98.9
70 73.7 97 101.0 124 85.0 151 96.3
71 78.9 98 99.4 125 90.6 152 103.3
72 84.2 99 95.0 126 92.2 157 74.4
73 90.2 100 103.4 127 95.5 158 79.5
74 92.0 101 67.4 128 101.6 159 85.6
75 94.9 102 77.9 129 70.5 160 91.0
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Corrected Diffuser Data

Static Pressure, Ps/s (psia)
Test No. 3369, Line 5 TTotal, Area = 0.862 in. 2

Configuration V2-2 Throat Size Depth = 0.158 in.
Speed, N/Ve= 50,000 rpm Airflow, Wav76 = 1.89 lb/sec

Tap Static Tap Static Tap Static Tap StaticNo. Pressure No. Presaure No. Pressure No. Pressure

49 66.3 76 99.7 103 63.2 130 69.950 75.7 77 68.9 104 68.5 131 70.2
51 61.6 78 68.9 105 68.3 132 73.3
52 67.1 79 69.7 106 66.4 133 78.953 66.9 80 73.0 107 66.2 134 88.354 65.0 81 79.1 108 76.2 135 90.655 64.7 82 87.7 109 66.7 136 92.7
56 76.0 83 91.1 110 68.5 137 98.9
57 63.9 84 92.6 ill 69.5 138 112.4
58 67.2 85 99.3 112 92.5 139 119.4
59 68.2 86 112.8 113 71.1 140 126.2
60 84.9 87 119.4 114 72.4 141
61 70.9 88 126.2 115 75.4
62 73.4 89 129.1 116 73.4 142 131.363 76.1 90 130.6 11 73.3 144 131.964 73.9 91 131.4 118 93.0 145 75.965 72.9 92 131.9 119 66.0 146 86.4
66 84.0 93 74.4 120 72.9 147 98.5
67 39.9 94 85.5 121 74.3 148 91.4
68 72.8 95 98.1 122 149 99.9
69 74.5 96 91.1 123 77.5 149 99.9
70 74.2 97 99.4 124 83.8 150 97.6
71 77.8 9,3 97'.9 125 89.0 151 94.4
72 83.2 99 93.1 126 90.1 152 101.9
73 88.8 100 102.2 127 93.0 157 73.6
74 90.0 101 67.3 128 99.8 159 84.5
75 92.6 102 77.0 129 69.6 160 89.5
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Corrected Diffuser Data

.Static Pressure, Ps/6 (psia)

T Total Area = 0.862 in.2

Test No. 3369, Line 7 Throat Size Depth in.
Configuration V2-2 = 0.158

Speed, N/V'U= 50,000 rpm Airflow, WaV'76 = 1.92 lb/sec

Tap Static Tap Static Tap Static Tap Static
No. Pressure No. Pressure No. Pressure No. Pressure

49 65.4 76 94.1 103 70.7 130 69.9

50 72.6 77 67.8 104 67.9 131 70.6
51 67.7 78 68.8 105 67.3 132 71.6
52 66.4 79 70.0 106 66.7 133 76.2
53 65.9 80 71.1 107 65,,5 134 85.4

54 65.1 81 76.3 108 7S.4 135 85.9

55 63.9 82 84,4 109 70.9 136 82.0

56 73.7 83 86.0 Ito 67.8 137 93.6

57 67.4 84 81.2 ill 68.1 138 108.9
58 66.4 85 93.8 112 92.2 139 116.5
59 66.8 86 109.1 113 72.6 140 123.7

60 84.0 87 116.4 114 U. 1 141
61 72.4 88 123.6 115 74.0 142
62 72.9 89 1,6.6 116 73.6 143 129.0
63 74.4 90 128.2 117 73.8 144 129.5
64 73.9 91 129.0 118 S2.2 145 73.3
65 73.3 92 129.4 119 68.1 146 83.7
66 83.1 93 71.7 120 72.5 147 96.3
67 71.9 94 82.7 121 73.9 148 81.8
68 72.2 95 94.9 122 74.4 149 94.9
69 74.0 96 81.0 123 75.6 150 94.3
70 74.7 97 94.2 124 81.2 151 87.9

71 75.7 98 93.3 125 85.5 152 97.7

72 80.3 99 86.3 126 84.9 157 72.6

73 85.1 100 97.7 127 82.9 158 75.2
74 84.1 101 66.5 128 94.4 159 81.3

75 82.1 102 73.6 129 68,6 160 85.4
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Frontplate Tap Numbers - 49 thru 100, 1 '

.57 Rearplate Tap Numbers - 101 thru 152
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Figure 261. Locations of Static-Pressure Taps with Respect to V2-2 Diffuser Vanes.
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ntplate Tap Numbers - 49 thru lo0, 157, 158, 159, 160

earplate Tap Numbers - 101 thru 152
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